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ABSTRACT
D is p e rs io n  o f  3HOH was s tu d ie d  a t  f lo w  v e l o c i t i e s  le s s  th a n  14 cm /day
i n  a C a p tin a  s i l t  loam  u s in g  th e  h a l f - c e l l  te c h n iq u e . Two d i r e c t io n s  o f
t r a n s p o r t  w ere s tu d ie d :  movement o f  3HOH in  th e  same d i r e c t io n  as w a te r ,
and movement o f 3HOH in  th e  o p p o s ite  d i r e c t io n  to  t h a t  o f w a te r .
R e s u lts  in d ic a te d  th a t  th e  d is p e r s io n  c o e f f i c ie n t s  w ere v e lo c i t y  
depen den t f o r  e q u i l i b r a t i o n  t im e s  ra n g in g  to  21 h o u rs .  As th e  ave rage  
p o re  f lo w  v e lo c i t y  in c re a s e d ,  th e  le n g th  o f  t im e  needed f o r  th e  d is p e r s io n
c o e f f i c ie n t s  to  become in d e p e n d e n t o f  th e  f lo w  v e lo c i t y  in c re a s e d .  When
c o n s id e r in g  t r a n s p o r t  o f 3HOH in  th e  same d i r e c t io n  as w a te r ,  th e  d is ­
p e rs io n  c o e f f i c ie n t s  1) in c re a s e d  as f lo w  v e lo c i t y  in c re a s e d ,  2) de­
c re a se d  as th e  i n i t i a l  s o i l  w a te r  c o n te n t  d e c re a s e d , and 3) c o u ld  be
d e s c r ib e d  by a l i n e a r  re g re s s io n  m o d e l. The m a g n itu d e  o f th e  d is p e r s io n
c o e f f i c ie n t s  ranged fro m  0 .8 4  to  7 .5 0  x  10-5 cm2 /s e c .  When c o n s id e r in g
t r a n s p o r t  o f 3HOH in  th e  o p p o s ite  d i r e c t io n  as w a te r ,  th e  d is p e r s io n  co­
e f f i c i e n t s  in c re a s e d  as th e  f lo w  v e lo c i t y  in c re a s e d  and c o u ld  be d e s c r ib e d
b y  a l i n e a r  re g re s s io n  m o d e l. The m a g n itu d e  o f  th e  d is p e r s io n  c o e f f i c ie n t s
ranged  fro m  0 .2 9  to  5 .8 8  x  10-5 cm2 /s e c  and w ere le s s  s e n s i t iv e  to  th e  
s o i l  w a te r  f lo w  p a ra m e te rs  th a n  those  o f f lo w  in  th e  same d i r e c t io n .  In  
b o th  f lo w  re g im e s  d i f f u s io n  was th e  p re d o m in a n t t r a n s p o r t  m echanism  a t  
th e  lo w e r  f lo w  v e lo c i t i e s  w hereas h yd ro d yn a m ic  d is p e r s io n  p re d o m in a te d  
a t  th e  h ig h e r  f lo w  v e l o c i t i e s .
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The re s e a rc h  p rogram  was co n d u c te d  u n d e r th e  d i r e c t io n  o f 
H. D. S c o t t ,  A s s o c ia te  P ro fe s s o r  o f Agronom y, and was a s s is te d  by 
Ms. C in d y  C o u r tn e y , L in d a  V ia ,  C a ro l in e  W a lte r s ,  and LeAnne Romano.
A g r i c u l t u r a l  E x p e r im e n t S t a t io n ,  U n iv e r s i t y  o f  A rka n sa s  D iv is io n  o f  
A g r i c u l t u r e ,  F a y e t t e v i l l e .  J .  E. M a r t in ,  v ic e  p r e s id e n t  f o r  a g r i c u l t u r e ;
L .  0 . W a rre n , d i r e c t o r .  PS5C280.
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S im u lta n e o u s  T ra n s p o r t  o f W ater and 3HOH in  S o i l
INTRODUCTION
A n n u a lly ,  la r g e  q u a n t i t ie s  o f c h e m ic a ls , such as f e r t i l i z e r s ,  p e s t i ­
c id e s ,  and w as tes  o f v a r io u s  k in d s ,  a re  a p p lie d  to  th e  s o i l  s u r fa c e .
Some o f these  c h e m ic a ls  d is s o lv e  c o m p le te ly  o r  p a r t i a l l y  in  th e  w a te r  a t  
th e  s o i l  s u r fa c e ,  and a re  s u s c e p t ib le  to  t r a n s p o r t  th ro u g h  th e  s o i l  p ro ­
f i l e .  The t r a n s p o r t  o f s o lu te s  th ro u g h  th e  s o i l  i s  a s i g n i f i c a n t  p ro c e s s  
f o r  le a c h in g  o f s o lu te s  from  th e  s o i l  p r o f i l e ,  g ro u n d  w a te r  c o n ta m in a t io n ,  
p la n t  u p ta k e , and w a s te w a te r re n o v a t io n .  M a jo r p a ra m e n te rs  t h a t  in f lu e n c e  
s o lu te  t r a n s p o r t  in  s o i l s  a re  s o i l  w a te r  v e lo c i t y ,  s o i l  w a te r  c o n te n t ,  
a d s o r p t io n - d e s o r p t io n  c h a r a c t e r is t ic s  be tw een th e  s o lu te  and s o i l  s u r fa c e s  
and c h e m ic a l and b io lo g ic a l  t r a n s fo r m a t io n s .
O fte n  d u r in g  th e  t r a n s p o r t  o f w a te r  and s o lu te s  in  s o i l ,  th e  r a te s  
o f  w a te r  movement a re  r e l a t i v e l y  lo w ,  b e in g  in  th e  range  o f 1 to  6 cm /d a y . 
These low  f lo w  r a te s  can o c c u r in  the  downward d i r e c t io n  d u r in g  th e  re ­
d i s t r i b u t i o n  phase a f t e r  i n f i l t r a t i o n  has ce a se d , and in  th e  re v e rs e  
d i r e c t io n  d u r in g  th e  upward movement o f w a te r  in  response  to  e v a p o ra t io n  
a t  th e  s o i l  s u r fa c e .  The m ag n itu d e  o f  th e  f lo w  r a te s  i s  d i r e c t l y  r e la te d  
to  th e  m a g n itu d e  o f  th e  h y d r a u l ic  g r a d ie n ts  betw een two d e p th s  w h ich  o f te n  
w ere  caused by d i f f e r e n c e s  in  s o i l  w a te r  c o n te n ts .
L i t t l e  i s  known a b o u t th e  r e la t io n s h ip s  be tw een lo w  w a te r  f lo w  v e lo c i ­
t i e s ,  d i r e c t io n  o f f lo w ,  and m a g n itu d e  o f s o lu te  t r a n s p o r t  c o e f f i c ie n t s
in  s o i l .  T h e re fo re ,  t h i s  s tu d y  e x p lo re d  th e  in f lu e n c e  o f  p a ra m e te rs  such
as s o i l  w a te r  f lo w  v e lo c i t y ,  e q u i l i b r a t i o n  t im e ,  d i r e c t i o n  o f  f lo w ,  and
i n i t i a l  s o i l  w a te r  c o n te n t on th e  m ag n itu d e  o f th e  t r a n s p o r t  c o e f f i c ie n t s
o f  t r i t i a t e d  w a te r  ( 3HOH).
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LITERATURE REVIEW
T ra n s p o r t  o f  w a te r  and s o lu te s  by  d i f f u s i o n  and c o n v e c t io n  w i t h in  
th e  s o i l  p r o f i l e  in v o lv e s  a com p lex  s e r ie s  o f  p ro c e s s e s  th a t  a re  im p o r ta n t  
t o  a g r i c u l t u r e  and th e  e n v iro n m e n t. M ix in g  o c c u rs  when two s o lu t io n s  
o f  d i f f e r e n t  c o m p o s it io n s  a re  b ro u g h t to g e th e r .  I n i t i a l l y ,  th e re  i s  a 
s h a rp  b o u n d a ry  o r  in t e r f a c e  be tw een th e  s o lu t io n s ,  b u t e v e n tu a l ly  a t r a n ­
s i t i o n  zone d e v e lo p s  be tw een  th e  two s o lu t io n s  in  w h ic h  th e  c o n c e n t r a t io n  
o f  th e  s o lu te  o f  i n t e r e s t  ra n g e s  fro m  C ( o f t e n  z e ro  as in  th e  case o f 
p e s t ic id e s )  t o  Co ( th e  i n i t i a l  c o n c e n t r a t io n  o f  th e  s o lu t io n  c o n ta in in g  
th e  g r e a te s t  amount o f  th e  c o m p o n e n t). The t r a n s i t i o n  zone i s  a r e s u l t  
o f  d i f f u s i o n  and c o n v e c t io n  and i t s  w id th  in c re a s e s  w i t h  t im e . Many o f  
th e  r e c e n t  s tu d ie s  on s o lu te  t r a n s p o r t  have been based on th e  e a r ly  w ork 
o f  L a p id u s  and Amundson ( 8) ,  D a n c k w e rts  (4 )  and Day ( 5 ) .  B ig g a r  and 
N ie ls e n  ( 2 ) ,  F r ie d  and Combarnous ( 6 ) ,  and L e is t r a  (9 )  re v ie w e d  th e  
v a r io u s  m a th e m a tic a l m ode ls  p roposed  to  a c c o u n t f o r  th e  m ix in g  w h ic h  ta k e s  
p la c e  in  s o i l  d u r in g  m is c ib le  d is p la c e m e n t.  These m o d e ls  have shown th a t  th e  
m ix in g  i s  due to  a c o m b in a t io n  o f  m e c h a n ic a l d is p e r s io n  and p h y s ic o c h e m ic a l 
d is p e r s io n  ( d i f f u s i o n ) ,  and t h a t  i t  i s  g e n e r a l ly  n o t  p o s s ib le  to  s e p a ra te  th e  
e f f e c t s  o f  th e  two p ro c e s s e s .
M e c h a n ic a l d is p e r s io n  r e s u l t s  fro m  s o i l  w a te r  h a v in g  a n o n u n ifo rm  
v e lo c i t y  d i s t r i b u t i o n  r a t h e r  th a n  m oving  by  " p is t o n  ty p e  f lo w "  w here  th e  
v e l o c i t y  i s  e ve ry w h e re  e q u a l.  A c c o rd in g  to  F r ie d  and Combarnous ( 6 ) th e  
n o n u n ifo rm  d i s t r i b u t i o n  o f  w a te r  m oving  th ro u g h  s o i l  p o re s  i s  th e  
r e s u l t  o f th re e  f a c t o r s :  ( i )  th e  f l u i d  v e lo c i t y  in c re a s e s  from  z e ro  a t  
a s o l id  s u r fa c e  to  a maximum a t  th e  c e n te r  o f  th e  p o re  o r  a t  th e  a i r -  
w a te r  in t e r f a c e  u n d e r u n s a tu ra te d  c o n d i t io n s ;  ( i i )  v a r ia t io n s  in  p o re  
d ia m e te rs  a lo n g  th e  f lo w  p a th s  cause th e  a ve ra g e  v e lo c i t y  to  v a ry
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fro m  p o re  to  p o re ; and ( i i i )  th e  a c tu a l f lo w  p a th  o f th e  e le m e n t o f w a te r  
f lu c t u a t e s  w i th  re s p e c t to  th e  mean d i r e c t io n  o f  f lo w .
D i f f u s io n  r e s u l t s  from  th e  random th e rm a l movement o f  m o le c u le s  .
As a r e s u l t  m o le c u le s  tend  to  move fro m  a re a s  o f  h ig h e r  c o n c e n t r a t io n  to  
a re a s  o f  lo w e r  c o n c e n t ra t io n .
The u s u a l method o f s tu d y in g  th e  m ix in g  o f  s o lu te s  in  s o i l  system s 
has been w i th  m is c ib le  d is p la c e m e n t te c h n iq u e s  ( 1 0 ) .  W ith  t h i s  method a 
c o n s ta n t  f lo w  r a te  o f a s o lu t io n  th ro u g h  th e  s o i l  i s  e s ta b l is h e d ,  th e n  
a s o lu t io n  o f  a d i f f e r e n t  c o m p o s it io n  i s  in tro d u c e d  a t  th e  same f lo w  r a t e ,  
and th e  c o m p o s it io n  o f th e  e f f l u e n t  i s  a n a lyze d  and compared w i t h  th e  
i n i t i a l  in p u t  s o lu t io n  c o m p o s it io n .  The shape and p o s i t io n  o f  th e  re ­
s u l t in g  b re a k th ro u g h  cu rv e  y ie ld s  much in fo r m a t io n  abou t th e  n a tu re  o f  
th e  s o lu te ,  th e  s o i l ,  and th e  in t e r a c t io n s  be tw een them . A p p a re n t d is ­
p e rs io n  c o e f f i c ie n t s  a re  u s u a l ly  o b ta in e d  by  m a tc h in g  th e  c a lc u la te d  
b re a k th ro u g h  c u rv e  w i th  e x p e r im e n ta l d a ta .  C o n s id e ra b le  d a ta  have been 
o b ta in e d  (on  d is p e r s io n  o f s o lu te s )  u s in g  m is c ib le  d is p la c e m e n t 
te c h n iq u e s  w i th  s o i l s  t h a t  w ere e i t h e r  s a tu ra te d  o r  had h ig h  s o i l  w a te r  
c o n te n ts  . In  th e se  h ig h  w a te r  c o n te n t  system s th e  d is p e r s io n  co­
e f f i c i e n t s  appea r to  in c re a s e  as th e  s o lu t io n  v e lo c i t y  in c re a s e s .
The n a tu re  o f  th e  m is c ib le  d is p la c e m e n t method i s  such th a t  
d e te r m in a t io n  o f a p p a re n t d is p e r s io n  c o e f f i c ie n t s  a t  lo w  s o i l  m o is tu re  
c o n te n ts  and f lo w  v e l o c i t i e s  is  d i f f i c u l t  and tim e  consum ing . Among 
th e  m ost in t e r e s t in g  cases o f s o lu te  movement a re  th o se  in v o lv in g  
movement a t  lo w  s o lu t io n  v e lo c i t i e s .  Exam ples in c lu d e  movement to  
p la n t  r o o t  s u r fa c e s  and e v a p o ra t io n  s u r fa c e s .  In  th e s e  cases th e  w a te r  
c o n te n t  o f  th e  s o i l s  i s  o f te n  c o n s id e ra b le  lo w e r  th a n  th e  w a te r  c o n te n ts  
used in  p re v io u s  d e te rm in a t io n s  o f d is p e r s io n  c o e f f i c ie n t s .  These
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lo w e r  w a te r  c o n te n ts  m ig h t  cause  th e  f lo w  p a th  to  v a r y  in  d i r e c t i o n  due 
t o  a d i s c o n t i n u i t y  o f  w a te r  f i lm s ,  and in c re a s e  th e  e f f e c t s  o f  s a l t  
s ie v in g  and a n io n  e x c lu s io n .  As a r e s u l t  th e re  has been c o n s id e ra b le  
q u e s t io n  as to  w h e th e r  th e  d is p e r s io n  c o e f f i c i e n t s  m easured in  th e  p a s t 
c o u ld  be e x t r a p o la te d  to  th e  lo w e r  w a te r - c o n te n t  sys te m s .
The p u rp o se  o f  t h i s  s tu d y  was to  ( i )  d e v is e  a te c h n iq u e  to  d e te r ­
m in e  th e  m a g n itu d e  o f  th e  a p p a re n t d is p e r s io n  c o e f f i c i e n t s  o f  s o lu te s  in  
s o i l  sys te m s  u n d e r u n s a tu ra te d  s o i l  m o is tu re  c o n d i t io n s ,  and ( i i )  to  
e v a lu a te  th e  in f lu e n c e  o f  s o i l  w a te r  f lo w  v e l o c i t y ,  s o i l  w a te r  c o n te n t ,
d i r e c t i o n  o f  f lo w ,  and e q u i l i b r a t i o n  t im e  on th e  m a g n itu d e  o f  th e  d i s -
p e r s io n  c o e f f i c i e n t s  o f  3HOH.
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THEORETICAL CONSIDERATIONS
The g e n e ra l fo rm  o f  th e  mass b a la n c e  e q u a t io n  f o r  o n e -d im e n s io n a l 
s o lu te  f lo w  in  th e  same d i r e c t io n  as w a te r  can be re p re s e n te d  as
[ 1]
w here C i s  th e  s o lu te  c o n c e n t ra t io n  (g /cm  o f  s o i l ) ,  t  i s  th e  tim e
( s e c ) ,  x  i s  th e  d is ta n c e  (c m ), F i s  th e  s o lu te  f l u x  (g /cm 2 / s e c ) ,  and r
i s  th e  r a te  o f  p ro d u c t io n  o r a t te n u a t io n  o f  th e  s o lu te  (g /cm 3 o f  s o i l /s e c ) . 
The f l u x  o f  s o lu te  can be f u r t h e r  re p re s e n te d  as
F = Js + Cs Q [ 2 ]
w here  J i s  th e  d i f f u s i v e  f l u x ,  Cs i s  th e  s o lu te  c o n c e n t r a t io n  in  s o lu t io n   
(g /cm 3 ) ,  and Q i s  th e  v o lu m e t r ic  s o lu t io n  f l u x  (cm3 /cm2 s e c ) .  The d i f f u s i v e
f l u x  o f  s o lu te  th ro u g h  th e  s o i l  i s
[3 ]
w here  D i s  th e  d i f f u s io n  c o e f f i c ie n t  o f  th e  s o lu te  in  th e  s o i l .  Combin­
in g  e q u a tio n s  [2 ]  and [ 3 ] ,  c o n v e r t in g  th e  s o lu te  c o n c e n t r a t io n  in  s o lu t io n  
t o  a s o i l  b a s is ,  and s u b s t i t u t in g  th e s e  in t o  e q u a t io n  [1 ]  g iv e s
[ 4 ]
w here  Θ i s  th e  v o lu m e t r ic  s o i l  w a te r  c o n te n t  (cm3 /cm 3 ) .  D e f in in g  Q /θas 
th e  ave rage  p o re  f lo w  v e lo c i t y ,  v ,  and assum ing th a t  th e  changes in  v  
w i t h  changes in  x  a re  s m a l l ,  e q u a t io n  [ 4 ] can be w r i t t e n  as
[5 ]
E q u a tio n  [5 ]  i s  th e  g e n e ra l f lo w  e q u a t io n  f o r  t r a n s ie n t ,  is o th e rm a l f lo w  
c o n d i t io n s .  F o r s o lu te s  such as p e s t ic id e s  and f e r t i l i z e r s  in  s o i l ,  r  




w here  J b  i s  th e  s o i l  b u lk  d e n s i t y  (g /cm 3 ) ,  S i s  th e  f r a c t i o n  o f  th e  
s o lu t e  adso rbed  by  s o i l  com ponen ts  ( g / g ) ,  and f  i s  th e  d e g ra d a t io n  te rm  
w h ic h  i s  u s u a l ly  a f u n c t io n  o f  C and S. In  th e  m ethod p re s e n te d , th e  
le n g th  o f  t im e  in  w h ic h  th e  s o lu te  m o le c u le s  a re  exposed to  th e  s o i l  i s  
s m a l l  enough such t h a t  th e  d e g ra d a t io n  te rm  may be ig n o re d .  T h e re fo re ,  
e q u a t io n  [5 ]  ca n  be w r i t t e n  as
[7 ]
 
w here  th e  a d s o r p t io n  te rm   may be o b ta in e d  fro m  a d s o r p t io n - d e s o r p t io n
s tu d ie s  u s in g  e i t h e r  k i n e t i c  o r  e q u i l ib r iu m  m o d e ls . F o r s o lu te s  such as 
some p e s t ic id e s  and in o r g a n ic  e le m e n ts  th e  a d s o r p t io n  can be d e s c r ib e d  
a d e q u a te ly  u s in g  th e  F r e u n d l ic h  e q u a t io n
[ 8 ]
w here  k  i s  th e  e q u i l i b r a t i o n  c o n s ta n t  and n i s  an e m p ir ic a l  c o n s ta n t  w i t h  
a m a g n itu d e  c lo s e  to  one . Assum ing n has a v a lu e  o f one e q u a t io n  [8 ]  can 
be d i f f e r e n t i a t e d  w i t h  re s p e c t  to  t im e  and th e  r e s u l t  s u b s t i t u te d  in t o  
e q u a t io n  [7 ]  t o  g iv e
w here
[9 ]
and i s  known as th e  r e t a r d a t io n  f a c t o r .  D e f in in g  = D/R and Ve = v /R  
as th e  a p p a re n t d is p e r s io n  c o e f f i c i e n t  and a p p a re n t p o re  w a te r  v e l o c i t y ,  
r e s p e c t i v e ly ,  e q u a t io n  [9 ]  can  be w r i t t e n  as
[ 10 ]
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The a p p a re n t d is p e r s io n  c o e f f i c ie n t  (Dd ) in c lu d e s  th e  e f f e c t s  o f  b o th  
m o le c u la r  d i f f u s io n  (De ) and h yd rodyna m ic  d is p e r s io n  (Dh ) . T h is  can be 
re p re s e n te d  by e q u a t io n  [1 1 ]
[11]
The m o le c u la r  d i f f u s io n  c o e f f i c i e n t  f o r  an io n  such as c h lo r id e  and 
t r i t i a t e d  w a te r  in  th e  s o i l  system  can be e xp ressed  by
[ 12]
w here α  i s  an e x p e r im e n ta l ly  d e te rm in e d  f a c t o r  w h ic h  a c c o u n ts  f o r
e l e c t r i c a l  in t e r a c t io n s  be tw een th e  io n s  and th e  po ro u s  medium (L /L e )2 
r e f l e c t s  th e  t o r t u o s i t y  o f  th e  medium , Θ i s  th e  v o lu m e t r ic  s o i l  w a te r  
c o n te n t ,  and Do i s  th e  m o le c u la r  d i f f u s io n  c o e f f i c i e n t  f o r  th e  io n  in  
b u lk  o r  f r e e  w a te r .  In  th e  case o f  a p e s t ic id e  th e  d i f f u s io n  c o e f f i c i e n t  
may be exp re sse d  by
[1 3 ]
w here R i s  th e  r e t a r d a t io n  f a c t o r  ( 1 1 ) .  The h yd ro d yn a m ic  d is p e r s io n  co­
e f f i c i e n t  (Dh ) a c c o u n ts  f o r  th e  f a c t  t h a t  w a te r  m ov ing  th ro u g h  a po rous  
m edium , such as s o i l ,  w i l l  have a non u n ifo rm  d i s t r i b u t i o n  o f  v e l o c i t i e s  
i n  th e  d i f f e r e n t  s iz e s  o f  p o re s , w h ich  te n d s  to  cause f l u i d  m ix in g .
The d is p e r s io n  c o e f f i c i e n t  has been r e la te d  to  th e  p o re  w a te r  v e lo c i t y  
by a number o f  e m p ir ic a l  e q u a t io n s .  For exa m p le , i f  th e  m o le c u la r  d i f f u s io n  
i s  n e g l ig ib le  ( n o t  l i k e l y  in  s o i l ) ,  th e n  th e  d is p e r s io n  c o e f f i c i e n t  i s  
e q u a l to  th e  h yd ro d yn a m ic  d is p e r s io n  c o e f f i c i e n t  and can be r e la te d  
to  th e  p o re  w a te r  v e lo c i t y  by
[1 4 ]
w here € i s  a p r o p o r t i o n a l i t y  f a c t o r ,  f r e q u e n t ly  r e f e r r e d  to  as th e  d is ­
p e r s i v i t y  and has u n i t s  o f  cm. A n o th e r  e q u a t io n  o f te n  fo u n d  in  th e  
l i t e r a t u r e  i s
[1 5 ]
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which assumes t h a t  the m o lecu la r  d i f f u s i o n  c o e f f i c i e n t  i s  cons tan t  and 
t h a t  the c o e f f i c i e n t  of  mechanical  d i s p e r s io n  i s  p r o p o r t i o n a l  to  the 
average pore water  v e l o c i t y .  K irda e t  a l . (7) used the f o l l o w in g  
e m p i r i c a l  r e l a t i o n s h i p  to  descr ibe  c h l o r i d e  d i s p e rs io n  in  a Hanford 
sandy loam
[ 16]
where Ձ  and n are cons tan ts  c h a r a c t e r i z i n g  the porous medium. In t h e i r  
s t u d ie s  the va lue  of  the t o r t u o s i t y  f a c t o r  used in  the c a l c u la t i o n s  was 
0.60.
Other e m p i r i c a l  r e l a t i o n s h i p s  have assumed th a t  Dd i s  independent of  
V. For example, Smiles e t  a l . (16) found th a t  va lues  of  Dd f o r  KC1 were 
dependent on Θ on ly .  They represented t h i s  r e s u l t  by
[ 17]
where D' i s  the d i s p e r s io n  c o e f f i c i e n t  o f te n  used in  " conven t iona l  
b reak th rough"  exper iments .  In a l a t e r  study and f o r  t imes g re a te r  
than 6 hours ,  Smi les and P h i l i p  (17) concluded t h a t  Dd was constant  
w i t h i n  a g iven  range of  Θ and could be r e la te d  to  the molecu la r  
d i f f u s i v i t y  by
[ 18]
Using the t ran s fo rm a t ions  X'  = x -  V t  and t '  = t ,  equa t ion  [10] can 
be transformed i n t o  the d i f f u s i o n  equat ion
[ 19]
The use of  t h i s  mathematical  t r a n s fo rm a t io n  in d i c a te s  th a t  the shape and
p o s i t i o n  of  the c o n c e n t ra t io n  d i s t r i b u t i o n  curves are a l te re d  from the
d i f f u s i o n  type curves as a r e s u l t  of  the f low  v e l o c i t y  and e q u i l i b r i u m
t im e .  E x p e r im e n ta l l y ,  no m o d i f i c a t i o n s  were made of  the c o n c e n t ra t io n
d i s t r i b u t i o n  curves in  order  to  c a l c u la te  va lues  of  Dd .
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The tra n s fo rm e d  i n i t i a l  and bounda ry  c o n d i t io n s  f o r  th e  method p re s e n te d  
a re
[2 0 a ] 
[2 0 b ] 
[2 0 c ] 
[20d ]
The s o lu t io n  o f e q u a t io n  [1 9 ]  f o r  De s u b je c t  to  th e se  i n i t i a l  and 
bound a ry  c o n d it io n s  was g iv e n  by P h i l l i p s  and Brown (1 3 ) as
[ 21]
[ 21 ]
w here th e  q u a n t i t y  d X ' / d ( C/Co) i s  th e  s lo p e  o f th e  ta n g e n t to  th e  con­
c e n t r a t io n  d i s t r i b u t i o n  c u rv e  a t  th e  a p p ro p r ia te  C/Co v a lu e ,  and
and i s  e q u a l t o  th e  a re a  above and be lo w  th e  
c o n c e n t r a t io n  d i s t r i b u t i o n  c u rv e , r e s p e c t iv e ly .  In  t h i s  system  th e  
c o n s e rv a t io n  o f mass i s  accoun ted  f o r  s in c e  ave rage  v a lu e s  a re  c a lc u la t ­
ed f o r  th e  a re a s  u n d e r th e  c o n c e n t ra t io n  d i s t r i b u t i o n  c u rv e  and th e  
changes in  th e  w e ig h ts  o f  th e  h a l f  c e l l s .  A s im i la r  t h e o r e t ic a l  t r e a t ­
m ent can be made f o r  th e  case o f s o lu te  f lo w  in  th e  o p p o s ite  d i r e c t io n  
o f  w a te r .  In  t h i s  case th e  e q u a tio n s  used to  t ra n s fo rm  th e  f lo w  
e q u a t io n  a re  X ' = x  + Ve t  and t '  = t .
F r ie d  and Combarnous (6 )  p re s e n te d  an a l t e r n a t i v e  method o f  d e te rm in in g  
fro m  th e  p lo t .  They showed th a t
Dd = (X0 .1 6  -  X0 .8 4 )2 / 8 t  [ 2 2 ]
w here X0 .1 6  and X0 .8 4  a re  th e  d is ta n c e s  a lo n g  th e  X a x is  w here C/Co i s  
0 .1 6  and 0 .8 4 ,  r e s p e c t iv e ly .  T h is  s o lu t io n  i s  f o r  a s e m i - i n f i n i t e  
r a t h e r  th a n  an i n f i n i t e  colum n w i th  a c o n t in u o u s  s o lu te  in p u t  u nde r 
s te a d y  f lo w .
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METHODS AND MATERIALS
The e x p e r im e n ta l m ethod used to  d e te rm in e  th e  m a g n itu d e  o f  th e  d i s ­
p e r s io n  c o e f f i c i e n t s  i s  a m o d i f i c a t io n  o f  th e  " q u ic k  f r e e z e "  te c h n iq u e  
d e v e lo p e d  by Brown e t  a l . (3 )  and P h i l l i p s  and Brown (1 3 )  f o r  d i f f u s i o n  
s t u d ie s ,  and s im i la r  to  th o s e  re p o r te d  b y  P a e tz o ld  and S c o t t  ( 1 1 ) .  The s o i l  
used was a C a p t in a  s i l t  lo a m , w h ic h  i s  a T y p ic  F r a g u id a l f  from  W a sh in g to n  
C o u n ty , A rk a n s a s . The s o i l  was a i r - d r i e d ,  g ro u n d  to  pass a 2 mm s ie v e ,  
and m ixed  th o r o u g h ly .  F o r each d e te r m in a t io n  tw o 5 0 -g  sam p les  w ere  p la c e d  
i n  o in tm e n t j a r s .  An aqueous s o lu t io n  c o n ta in in g  one o r  two r a d io is o to p e s  
was added to  one sam ple  to  o b ta in  th e  d e s ire d  s o i l  m o is tu re  c o n te n t .  The
o th e r  sam ple was b ro u g h t to  a m o is tu r e  c o n te n t  g r e a te r  o r  lo w e r  th a n  th a t
3
o f  th e  r a d io a c t i v e l y  tagged sa m p le . The s o lu te  used was 3HOH. V a lu e s  o f Co
ranged  to  2 0 ,0 0 0  dpm /g o f  s o i l  f o r  3HOH. S in c e  th e  c a lc u la t io n s  a re  based
upon r e l a t i v e  c o n c e n t r a t io n s ,  th e  u n i t s  o f  th e  s o lu te  c o n c e n t r a t io n  c a n c e l.
The s o i l  was h and -pa cked  in t o  c y l i n d r i c a l  p le x ig la s  h a l f - c e l l s  ( r a d iu s  and
le n g th  o f  0 .8  cm and 2 .0  cm, r e s p e c t iv e ly )  a t  b u lk  d e n s i t ie s  ra n g in g  from  
1 .3  t o  1 .6  g /cm 3 d e p e n d in g  on th e  i n i t i a l  s o i l  w a te r  c o n te n t .  Two h a l f - c e l l s  
c o n ta in in g  s o i l  a t  d i f f e r e n t  m o is tu re  c o n te n ts  w ere  jo in e d  and th e  in t e r f a c e  
ta p e d . The c e l l s  w ere  th e n  p la c e d  in t o  an e q u i l i b r a t i o n  cham ber a t  25 -  2C 
f o r  one h o u r .  A f te rw a rd s  th e  h a l f - c e l l s  w ere s e p a ra te d ,  f r o z e n  in  
l i q u i d  a i r ,  and s l ic e d  in  500 μ  s e c t io n s  w i t h  a r e f r ig e r a t e d  m ic ro to m e .
G roups o f  te n  s e c t io n s  w ere  p la c e d  in  v i a l s ,  w e ig h e d , and a n a ly z e d  f o r  
r a d i o - a c t i v i t y  u s in g  l i q u i d  s c i n t i l l a t i o n  te c h n iq u e s .
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To determine the magnitude of  the apparent d i s p e rs io n  c o e f f i c i e n t ,
Dd , the r a t i o  of  so lu te  concen t ra t ion  to  i n i t i a l  s o lu te  conce n t ra t io n ,
C/Co , was ca lcu la ted  f o r  each so lu te  and p lo t t e d  as a f u n c t io n  of  the
d is tance  from the i n t e r f a c e .  A r e s u l t i n g  curve was smoothed through the
exper imenta l  concen t ra t ion  d i s t r i b u t i o n s .  Values of  Dd were ca lcu la ted
by using equations [21a ] ,  [21b ] ,  and [22] a t  C/Co va lues  of  0 .1 ,  0 .2 ,  0 .3 ,
0 .4 ,  0 .6 ,  0 .7 ,  0 .8 ,  and 0.91 / . The average va lue of  D d  f o r  each experiment
was c a lcu la ted  from the mean of  the Dd, va lues a t  the e ig h t  C/Co va lues . 
The average f l u x  o f  water ,  JH2O, can be ca lcu la ted  by
[23]
where Δ W i s  the average weight change of  the two cores (g), determined
a f t e r  the e q u i l i b r iu m  time t  ( d a y ) , i s  the d e n s i t y  o f  water (g /cm3 ) ,  and
A i s  the c ro s s -s e c t io n a l  area of  the two cores (cm2 ) .  The average f lu x e s  
were d iv ided  by the average s o i l  water content  to ob ta in  va lues f o r  the 
average pore water v e l o c i t y ,  V, as g iven  by equat ion [24]
[24]
The u n i t s  of  JH20 and V are cm per day.
A p re l im in a r y  study was made to  determine the e f f e c t s  of  e q u i l i ­
b r a t i o n  t ime on the magnitude of  the so lu te  d i s p e rs io n  c o e f f i c i e n t s .
S o i l  w i t h  an i n i t i a l  s o i l  water con ten t ,  Θo , o f  0.369 cm3 /cm3 was e q u i l i -
3 3brated w i th  s o i l  w i t h  of  0.240 cm3 /cm3 f o r  0 .5 ,  2 .0 ,  and 4 .0  hours.
At the end of  each e q u i l i b r a t i o n  pe r io d ,  va lues  of  D d, and J were determined
i n  the usual  manner. Two r e p l i c a t i o n s  were made a t  each e q u i l i b r a t i o n  
p e r i o d .
1/ For example, a t  a given C/Co the product of  the area under the 
c once n t ra t io n  d i s t r i b u t i o n  curve and the inverse o f  the slope a t  
the C/Co value  was d iv ided  by 7200 ( l . e .  2 t )  to  g ive values of  Dd.
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The exper iment was conducted i n  two phases. The f i r s t  phase i n -
vo lved the d e te rm in a t io n  o f  3HOH d i s p e r s io n  c o e f f i c i e n t s  in  the same 
d i r e c t i o n  as the movement of  wa te r .  In t h i s  phase the r a d io a c t i v e  so lu te  
were e q u i l i b r a t e d  w i t h  the s o i l  which had the h ighe r  water con ten t .
When the c e l l s  were placed to g e th e r ,  water  moved from the h a l f  c e l l  con­
t a i n i n g  the h ighe r  s o i l  water  con ten t  (and h ighe r  t o t a l  p o t e n t i a l )  to  
the h a l f  c e l l  c o n ta in in g  the lower s o i l  water  content  (and lower t o t a l  
p o t e n t i a l ) .  In  the process the s o lu te s  moved to  the i n i t i a l l y  un t rea ted
s o i l  by d i f f u s i o n  and hydrodynamic d i s p e r s io n .  The second phase involved
the d i s p e r s io n  of  3HOH i n  the oppos i te  d i r e c t i o n  to  the movement
o f  wa te r .  In t h i s  phase the r a d io a c t i v e  so lu te s  were e q u i l i b r a t e d  w i th
the s o i l  which had the lower  water  con ten t .  Thus, when the h a l f  c e l l s
were placed to g e th e r ,  the c o n c e n t ra t io n  g ra d ie n t  was in  the oppos i te
d i r e c t i o n  as the movement of  wa te r .  The average f l u x  and average pore
wate r  v e l o c i t y  were manipulated by v a ry in g  the i n i t i a l  s o i l  wa te r  content
and the d i f f e r e n c e  in  the i n i t i a l  s o i l  water  con ten t .
A s tepwise l i n e a r  reg ress io n  a n a ly s i s  was computed w i th  the use of
SAS (1) and w i t h  Dd as the dependent v a r i a b le  and J,  θ,  V, and Δ θo
as the independent v a r i a b l e s .  I n i t i a l l y ,  the exper imenta l  data  were
eva luated based on the va lue  of  Θo f  the h a l f  c e l l s  w i t h  the h ighes t
s o i l  wa te r  con ten ts ;  then the exper imenta l  da ta  from a l l  Θo va lues  were
pooled and eva luated c o l l e c t i v e l y .  Two l i n e a r  reg ress ion  models were
cons idered .  The f i r s t  model assumed th a t  Dd was a l i n e a r  f u n c t io n  of
the independent v a r i a b l e s .  Th is  model can be represented by
[25]
where a ,  b ,  c ,  d ,  and e are parameters determined from the reg ress ion  
a n a ly s i s .  The second model assumed t h a t  the n a tu r a l  lo g a r i th m  o f  D d  was




w here th e  p a ra m e te rs  g , h , i , j ,  and k  were d e te rm in e d  from  th e  re g re s s io n  
a n a ly s is .  R e g re s s io n  o f these  v a r ia b le s  assumed th a t  th e  v a lu e s  o f 
w ere n o rm a lly  d i s t r i b u t e d ,  had a common v a r ia n c e ,  and th a t  th e  in d e p e n d e n t 
v a r ia b le s  w ere measured w ith o u t  e r r o r .
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RESULTS AND DISCUSSION
E q u i l i b r a t i o n  T im e S tu d y
The i n i t i a l  s tu d y  was co n d u c te d  to  d e te rm in e  th e  in f lu e n c e  o f
e q u i l i b r a t i o n  t im e  on th e  v a lu e  o f  Dd . The r e s u l t s ,  p re s e n te d  in  T a b le
1 , show t h a t  v a lu e s  o f  Dd o f  3HOH d e c re a se d  w i t h  an in c re a s e  in
e q u i l i b r a t i o n  t im e  . The e x p la n a t io n  f o r  th e  d e c re a s e  in  th e  m a g n itu d e
o f  th e  d is p e r s io n  c o e f f i c i e n t s  w i t h  t im e  can be fo u n d  fro m  th e  v a lu e s  o f
w a te r  f l u x .  S o i l  w a te r  f l u x  d e c re a se d  b y  a lm o s t an o rd e r  o f  m a g n itu d e
as e q u i l i b r a t i o n  t im e  in c re a s e d  fro m  0 .5  t o  4 .0  h o u rs .  S in ce  v a lu e s  o f
Dd a ls o  d e c re a se d  in  t h i s  t im e  i n t e r v a l ,  th e r e  a p p e a rs  to  be a d i r e c t
r e l a t i o n  be tw een  D d and J .  The d e c re a s e  in  J w i t h  t im e  can be e x p la in e d
b y  th e  " e q u i l i b r a t i o n "  o f  th e  w a te r  c o n te n ts  be tw een  th e  s o i l  i n  th e  two 
h a l f  c e l l s  and by  th e  c o n c u r re n t  d e c re a s e  in  th e  h y d r a u l ic  head g r a d ie n ts .  
One w o u ld  e x p e c t th e  s o i l  w a te r  f l u x  to  in c re a s e  in  th e  s o i l  t h a t  i s  
w e t t in g .  H ow ever, i t s  s o u rc e  o f w a te r  i s  th e  w e t te r  s o i l  w h ic h  i s  
d r a in in g  and i t s  f l u x  o f  w a te r  s h o u ld  d e c re a se  w i th  t im e .  The o v e r a l l  
e f f e c t  i s  to  d e c re a s e  th e  d i f f e r e n c e s  in  w a te r  c o n te n ts  be tw een  th e  s o i l s  
i n  th e  tw o h a l f  c e l l s  in  a g iv e n  t im e  in t e r v a l  w h ic h  in  t u r n  causes a 
d e c re a s e  in  b o th  h y d r a u l ic  head g r a d ie n t  and f l u x .  S in ce  m ore s o lu te  
m o le c u le s  moved in t o  th e  u n tre a te d  s o i l  w i t h  an in c re a s e  in  e q u i l i b r a t i o n  
t im e  and in  s o i l  w a te r  f l u x ,  in  o rd e r  t o  p re v e n t v i o l a t i o n  o f  b o u n d a ry  
c o n d i t io n s  [2 0 c ]  a n d  [2 0 d ] ,  i t  was co n c lu d e d  t h a t  th e  a p p r o p r ia te  
e q u i l i b r a t i o n  t im e  s h o u ld  be one h o u r .
These d a ta  show t h a t  th e  sudden a v a i l a b i l i t y  o f  w a te r  a t  an i n t e r ­
fa c e  causes th e  g r e a te s t  f lo w  v e l o c i t y  d u r in g  th e  e a r ly  s ta g e s  o f  th e
p ro c e s s  and a dependence o f  D d on V . T h is  r e s u l t  h o ld s  f o r  h o r iz o n t a l
d
a b s o r p t io n  o f  w a te r ,  i n f i l t r a t i o n ,  as w e l l  as c a p i l l a r y  r i s e .  A ls o ,  i t
14
T a b le  1. The in f lu e n c e  o f  e q u i l ib r iu m  t im e  on th e  a p p a re n t d is p e r s io n  
c o e f f i c ie n t s  o f  3HOH in  Cap t i n a s o i l .  The a ve ra g e  s o i l  
w a te r  c o n te n t was 0 .2 8 0  cm3 /cm 3 .
T re a tm e n t E q u i l ib r a t io n
Time
A p p a re n t D is p e rs io n  
C o e f f ic ie n t
W ater
F lu x
( h r ) (cm2/s e c  x  105 ) (cm /d a y )





















appears th a t  a f t e r  a g iven e q u i l i b r a t i o n  t ime i s  Dd independent of  V. 
According to  Smiles and P h i l i p  (17) ,  Saffman (14) ,  and Pfannkuck (12) 
surveyed a la rg e  body o f  data  on steady s ta te  one dimens ional  d i s p e rs io n  
i n  sa tu ra ted  porous media.  They concluded t h a t  was independent of  V 
provided t h a t
here Pe i s  the Pe c le t  number which can be def ined as
[27]
In  equat ion  [27] V i s  the average pore water v e l o c i t y  ( cm /sec ) , 1 i s
the mean d iameter of  the s o l i d  phase (cm) , and Dq i s  the molecu la r
d i f f u s i o n  c o e f f i c i e n t  in  the b u lk  s o l u t i o n  (cm2 / s e c ) .  Smiles and P h i l i p  
(17) used the Kozeny-Carmen r e l a t i o n  to  c a l c u la te  va lues f o r  1 where
[28]
In  equa t ion  [28] V  i s  the k inemat ic  v i s c o s i t y  (cm2 / s e c ) ,  g i s  the a c c e l -
e r a t i o n  due to  g r a v i t y  (cm/sec2 ) ,  i s  the sa tu ra ted  h y d r a u l i c  conduct­
i v i t y  (cm/sec) ,  and Θo i s  the i n i t i a l  v o lu m e t r i c  s o i l  water  con ten t
3 3 (cm3 /cm3 ) .  To determine the t ime when Dd becomes independent of  V in
our system, va lues  of  1 and o f  Do were determined f o r  3HOH a t  se lec ted
va lues  o f  V. For example, we s u b s t i t u t e d  va lues  o f  0.009,  1 x 10-5,
980, and 0.40 f o r  V, Ko , g,  and Θo, r e s p e c t i v e l y ,  in  equa t ion  [28]
and found 1 to  be approx im a te ly  3 x 10-4 cm. P re v io u s ly  we have shown 
t h a t  V = J /θ  = Q/AtΘ which when s u b s t i t u t e d  i n t o  equat ion  [27] becomes
[29]
Since Pe < 1, we take Pe = 1 as the maximum va lue  and by re a r ran g in g  
equa t ion  [29] becomes
]30]
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The t ime, t ,  f o r  independence of  Dd i s  a f u n c t io n  o f  the depth o f  s o l u t i o n
moved across the in t e r f a c e .  Since A = 2cm , 1 = 3 x 10 cm, Do = 2.25 
x 10-5 cm2/sec ,  Θ = 0.40 cm3 / cm3 , and Q1 = 0.083 cm3 , Q10 = 0.83 cm3 , and 
Q15 = 1.25 cm3, t  becomes 1.38 sec, 13.83 sec, and 20.83 sec, f o r  V equal 
to  1 cm/day, 10 cm/day and 15 cm/day, r e s p e c t i v e l y .  This r e s u l t  i n d ic a te s  
th a t  as V inc reased , the t ime requ i red  f o r  Dd to  become independent of  
V a lso increased.  In some cases, these t imes can be considered to  be 
sh o r t  w i th  respect to f i e l d  c o n d i t io n s .
The use of equations [21a] and [21b] f o r  determin ing va lues of  Dd
depends on the v a l i d i t y  of  the assumption th a t  the d is tance  moved i s  a 
f u n c t io n  of  the square ro o t  of  t ime. Th is  assumption enables the use of  
the Boltzmann t ran s fo rm a t ion  in  the d e r i v a t i o n  of  the s o l u t i o n  o f  the 
d i f f u s i o n  equat ion.  That t h i s  assumption was v a l i d  under the c ond i t ion s  
o f  t h i s  experiment can be seen from the data presented in  F igure  1.
With the except ion of  the one -ha l f  hour da ta  the exper imenta l  data 
approximate reasonably s t r a i g h t  l i n e s  a t  the va r ious  C/Co va lues which 
i s  a requirement f o r  the use of  the Boltzmann t ra n s fo rm a t io n .  These 
data  in d i c a te  th a t  f o r  the e q u i l i b r a t i o n  t ime of  one hour used in  t h i s  
study the d is tance  moved i s  p r o p o r t i o n a l  to  the square r o o t  of  t ime.
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F ig u re  1 R e la t io n s h ip  be tw een  th e  d is ta n c e  moved and th e  s q u a re  r o o t  
o f  t im e  f o r  3HOH i n  C a p t in a  s o i l .
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F low  w i th  W a te r
C o n c e n tra t io n  d i s t r i b u t i o n  c u rv e s  t y p ic a l  o f  th o s e  o b ta in e d  w i t h
th e  f lo w  o f  w a te r  and s o lu te s  in  th e  same d i r e c t i o n  a re  shown in  F ig u re
2 . These a re  d a ta  in  w h ic h  th e  i n i t i a l  s o i l  w a te r  c o n te n t  o f  th e  h ig h
3 3w a te r  c o n te n t  h a l f  c e l l  ave raged  0 .4 0 0  cm3 /cm 3 . I t  i s  a p p a re n t t h a t  as th e
3
p o re  w a te r  v e lo c i t y  in c re a s e d  m ore 3HOH moved a c ro s s  th e  c e l l  in t e r f a c e .
As a r e s u l t  th e  c o n c e n t r a t io n  d i s t r i b u t i o n  c u rv e s  c ro s s  th e  c e l l  i n t e r ­
fa c e  a t  C/Co v a lu e s  o f  0 .5  o r  g r e a te r .  T h is  r e s u l t  in d ic a te s  t h a t  th e  
b o u n d a ry  be tw een th e  t r e a te d  and u n tre a te d  s o i l  s h i f t s  to  th e  l e f t  as 
V in c re a s e s .  D is p e rs io n  c o e f f i c ie n t s  c a lc u la te d  fro m  th e s e  d a ta  w o u ld  
be e xp e c te d  to  in c re a s e  as V in c re a s e d  because o f  th e  g r e a te r  a re a  u n d e r 

























F ig u re  2
3
C o n c e n tra t io n  d i s t r i b u t i o n  c u rv e s  f o r  3HOH i n  C a p tin a  s o i l  
a t  th re e  s o i l  w a te r  v e l o c i t i e s .  F low  was in  th e  same d i r e c t i o n
as w a te r .
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I n f luence  o f  S o lu t io n  Flow Parameters on 3HOH Transport
The in f lu e n c e  of  the movement of  s o i l  water  on the magnitude o f  the
d is p e rs io n  c o e f f i c i e n t s  of  3HOH a t  fou r  i n i t i a l  s o i l  water  con ten ts ,
are shown in  F igures  3 to  6. The independent v a r i a b le  shown was the
average pore water v e l o c i t y ,  V. The exper imenta l  data  show t h a t  as V
increased,  the magnitude of  Dd increased. Values of  Dd ranged from 0.90 
 t o  7.50 x 10-5 cm2 /sec whereas those of  V ranged from 0.23 to  13.21
cm/day. The exper imenta l  r e l a t i o n s h i p  found between Dd and V in d ic a te s
th a t  the data appear not  to  i n te r c e p t  the o r i g i n  as one would expect i f
Dd epended on ly  on V as ind ica ted  by equat ion  [1 4 ] .  This r e s u l t  i n d ic a te s  
th a t  d i f f u s i o n  i s  an impor tant  t ra n s p o r t  mechanism of so lu tes  in  s o i l ,  
and i s  p a r t i c u l a r l y  impor tan t  a t  the low s o lu t i o n  f lo w  ra te s .  The 
g re a te s t  s o l u t i o n  f low  ra te s  were observed a t  the h ighes t  va lue  of  Θo , 
and g e n e ra l l y  decreased as Θo decreased. A s i m i l a r  r e l a t i o n s h i p  could 
be shown between Dd and J,  i n  which the values of  J ranged from 0.03 to  
3.55 cm/day. The exper imenta l  data  are g iven in  Appendix Table 1.
The exper imenta l  3HOH data  f o r  a l l  i n i t i a l  s o i l  water  contents  are 
shown as a f u n c t io n  of  V i n  Figure 7 and J in  F igure  8. These data
in d i c a te  the degree of  s c a t t e r  observed in  the data  of  a l l  exper imenta l
 se ts  where values of ranged from 0.400 to  0.146 cm3 /cm3 . Regardless
o f  the va lue of  Θo, va lues of  Dd increased as va lues  of  V and J increased.
Again,  the exper imenta l  data do not  i n t e r c e p t  the o r i g i n  which in d ic a te s  th a t  
d i f f u s i o n  of  3HOH i s  an impor tant  t r a n s p o r t  mechanism i n  s o i l  f o r  a l l  Θo 
va lues  s tud ied .  This conc lus ion  agrees w i t h  those of  K i rda e t  a l . ( 7 ) .
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F ig u re  3 S c a t te r  d ia g ra m  o f  th e  3HOH d is p e r s io n  c o e f f i c i e n t s  and 
th e  a ve ra g e  p o re  w a te r  v e l o c i t y  Th e a ve ra g e  i n i t i a l  
s o i l  w a te r  c o n te n t  was 0 .4 0 0  cm3 /cm 3 .
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F ig u r e  4 S c a t t e r  d ia g ra m  o f  th e  3HOH d i s p e r s i o n  c o e f f i c i e n t s  and 
th e  average  p o re  w a te r  v e l o c i t y .  The average  i n i t i a l  
s o i l  w a te r  c o n te n t  was 0 .369  cm3 /cm3 .
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F ig u re  5 S c a t te r  d ia g ra m  o f  th e  3HOH d is p e r s io n  c o e f f i c i e n t s  and 
p o re  w a te r  v e l o c i t y .  The a ve ra g e  i n i t i a l  s o i l  w a te r  
c o n te n t  was 0 .3 2 0  cm3 /cm 3 .
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F ig u re  6 S c a t te r  d ia g ra m  o f  th e  3HOH d is p e r s io n  c o e f f i c i e n t s  and 
th e  a ve ra g e  p o re  w a te r  v e l o c i t y .  The a ve ra g e  i n i t i a l  
s o i l  w a te r  c o n te n t  was 0 .2 5 4  cm3 / c m3 .
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F ig u re  7 R e la t io n s h ip  be tw een  th e  3HOH d is p e r s io n  c o e f f i c ie n t s  and 
th e  a ve ra g e  p o re  w a te r  v e l o c i t y .  These d a ta  wer e  o b ta in e d  
fro m  θ ο v a lu e s  ra n g in g  fro m  0 .1 4 6  to  0 .4 0 0  cm3 /cm 3 .
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F ig u re  8 R e la t io n s h ip  be tw een 3HOH d is p e r s io n  c o e f f i c ie n t s  and th e  
a ve ra g e  s o i l  w a te r  f l u x .  These d a ta  w e re o b ta in e d  from  
θ . v a lu e s  ra n g in g  fro m  0 .1 4 6  to  0 .4 0 0  cm3 /cm3 .
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Regression of  Dd and Flow Parameters 
The re g re s s io n  a n a ly s i s  o f  Dd as a f u n c t i o n  of  the independent
v a r i a b l e s  are g iven  i n  Tables 2 and 3. G ene ra l ly ,  a l l  independent
v a r i a b l e s  were s i g n i f i c a n t l y  c o r re la te d  w i t h  Dd a t  Θo va lues  o f  0.400 and 
 0.369 cm3 /cm3 . The c o r r e l a t i o n s  were le s s  s i g n i f i c a n t  a t  Θo va lues  of
0.325 and 0.254.  W i th in  the one v a r i a b l e  models J and V were best
c o r re la te d  w i t h  Dd . Values of  Θ and Θo were good p r e d i c to r s  of
a t  the h ig h e r  s o i l  wa ter  c on ten ts ,  bu t  not  a t  the lower s o i l  wa te r
c o n te n ts .  G ene ra l ly ,  h ighe r  standard e r ro r s  were obtained w i t h  Θ and
Θo than w i t h  J and V. 
When a l l  the exper imenta l  data  were considered c o l l e c t i v e l y ,  J,  V,
and Θo had h i g h l y  s i g n i f i c a n t  R2 va lues  f o r  bo th  models.  As expected 
Θ was no t  a good p r e d i c t o r  of  the magnitude of  D d  when a l l  Θo va lues
were cons ide red .  This  can be a t t r i b u t e d  to  the f a c t  t h a t  the r e l a t i o n ­
sh ip  between Θ and J i s  no t  un ique, but  depends on Θo as w e l l  as ΔΘo. 
Since Dd , J ,  and V are w e l l  c o r r e la t e d ,  one would not  expect a good 
c o r r e l a t i o n  between Dd and Θ.
The bes t  re g re s s io n  models were determined by cons ide r ing  the va lue
o f  the square of  the c o r r e l a t i o n  c o e f f i c i e n t ,  R2 , as w e l l  as the va lue  








T a b le  2. R e g r e s s i o n  p a r a m e te r s  o f  t h e  r e l a t i o n s h i p s  between th e
dependen t  v a r i a b l e  Dd and t h e  i n d e p e n d e n t  v a r i a b l e s  J ,  θ , V
and Δ θ o . Movement or 3HOH was i n  th e  same d i r e c t i o n  as w a t e r .
T o t a l
d f
R e g r e s s i o n  P a ram e te rs
s -
X R2θo a b c d e
0 .4 0 0 15 0 .6 6 7
17.281
0 .8 4 6
0 .4 1 1
2 .082
0 .3 8 7
3 .1 5 7
0 .4 0 3
1 .4 33
- 2 . 1 2 5
1.559
- 5 . 9 1 4
0 .0 8 8
- 4 . 2 5 1
- 4 . 6 3 2
- 4 2 . 5 5 4
- 6 . 9 9 1
9 .2 9 8
0 . 4 3 3
1.986









0 .2 7 5
4 .9 7 4
0 .0 6 3
2 .2 06
1.608
0 .4 2 5
0 .3 9 0
4 .8 49
19 .007
9 . 5 1 0
0 .1 1 3
5 .327
1.475




0 . 4 8 5
10 .405
0 . 6 9 7 * *
0 . 8 3 9 * *
0 . 7 6 9 * *
0 . 8 7 4 * *
0 . 8 8 7 * *
0 . 8 7 4 * *
0 . 8 7 5 * *
0 . 8 7 9 * *
0 . 9 2 8 * *
0 . 9 3 0 * *
0 .3 69 12 1.018
12.584
1 .1 67









0 .8 0 5
- 0 . 1 9 5
0 .9 5 6
0 .8 1 0
0 .9 5 5
31 .546
- 1 5 . 6 0 0
- 1 4 . 8 9 2
- 1 5 . 8 1 8
- 1 4 . 7 4 5
- 1 5 . 2 1 3
0 .3 69
0 .418
0 .2 1 0
0 .239
- 0 . 0 4 1





0 .1 66  
3 .756  
0 .041  
2.331  
0 .3 56  
7.751 
2 .595  
0 .6 5 5  
8 .215  
0 .0 95  
0 .083  
3 .939
2 .441  
8 .9 06  
0 .6 4 8  
0.439  
39 .345  
18.937 
2 .590  
42 .518  
0.691  
20 .198
0 . 8 7 5 * *  
0 . 8 6 5 * *  
0. 8 7 9 * *  
0 . 8 3 1 * *  
0 . 9 1 1 * *
0 . 8 7 9 * *
0 . 9 0 9 * *
0 . 9 0 8 * *
0 . 9 1 1 * *
0 . 9 1 1 * *
0 . 9 1 1 * *
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T a b le  2 c o n t .
θ o
T o t a l
d f
R e g r e s s i o n  P a r a m e te r s
e
s -
X R2a b c d
0 . 3 2 5 15 2 .0 41
6 .129
2 .1 0 4
2 .3 5 7
1 .9 04
2 .0 2 4
2 .0 8 0
2 .1 5 4
- 4 . 0 6 0
1 .860
0 .2 2 1
0 . 7 0 8
0 . 7 2 4
1 .0 2 5
0 . 4 4 4
0 .7 0 2
5.801
5 .2 6 3
- 1 1 . 4 4 6
0 .4 1 6
18.813
5 .0 9 8
0 .1 7 6
- 0 . 0 8 2
0 . 1 0 3
- 1 . 5 8 7
- 1 . 4 0 6
7 .1 06
3 .7 2 7




0 .2 41  
5 .5 1 0  
0 .0 62  
2.551  
0 .4 1 5  
8 .5 2 8  
1.761 
0 .4 4 9  
0 .3 5 4  
3 .6 7 7  
0 .1 0 6  
4 . 3 3 3  
0 .3 83  
12 .905  
5 . 7  79 
2 .4 1 0  
0 . 7 0 8  
6 .0 1 8  
2.969  
15.091 
0 .909  
6 .4 3 5
0 . 3 8 1 *
0 . 2 3 6
0 . 3 6 6 *
0 . 3 5 6 *
0 . 3 8 1 *
0 . 3 8 2 *
0 . 4 2 6 *
0 . 4 0 0 *
0 . 5 1 2 *
0 . 5 9 5 *
0 . 5 9 9 *
0 . 2 5 4 8 1.348
2 .6 3 3
1.407
1.682
- 0 . 1 7 1
1.411
1 .5 06
- 0 . 5 8 8
1.489
1 .2 77
1 .0 6 7
0 .9 2 0
1 .432
- 0 . 0 7 0
0 . 2 4 0
- 0 . 3 0 8
- 3 . 8 5 0
5 .632
7 .5 24
0 .8 3 2
1.673
0 .1 6 6
0 .1 7 8  
0 .2 62  
0 .2 9 3  
0 .2 2 0
0 . 2 6 8
0 .3 29
1.490
- 6 . 8 4 9
- 6 . 8 6 7
- 6 . 3 0 8
- 5 . 7 3 9
0 .3 5 3  
3 .9 70  
0 .0 6 3  
4 .1 7 0  
0 .5 41  
4 . 6 1 4  
3 .4 34  
0 . 6 1 3  
0 .069  
3 .304  
4 .5 9 8  
0 .0 9 6  
2 .8 74  
0 . 5 1 3  
3 .6 2 3  
8.289  
0. 100 
6 .4 89  
9 .8 6 5  
28 .4 5 6  
1 .955  
19 .589
0 . 4 9 3 *
0 . 1 1 8
0 . 5 0 0 *
0 .0 18
0 .594
0 . 5 0 0
0 . 7 0 8 *





T a b le  2 c o n t .
θo
T o t a l
d f
R e g r e s s i o n  P a ra m e te rs s -
X R2a b c d e
A l l  d a t a 59 1.185











- 0 . 0 8 3
0 .7 4 0
- 0 . 0 6 7
- 0 . 1 9 0
-1 .762
0 .1 7 0




0 .3 7 3
0 . 2 2 6
0 .2 4 4
0 .2 2 6
0 .2 79
15 .9 76
0 .6 4 4




7 .1 87  
7 .1 6 6
0 . 1 0 2  
3 . 3 0 4  
0 . 0 2 7  
1.241
0 .1 96  
2 . 3 4 3  
1 .6 14  
0 . 0 2 7  
0 . 0 5 5  
2 .4 0 9  
0 . 6 0 4  
0 .1 7 3
2 .4 3 0  
1 .5 15  
0 . 0 5 6
2 .4 3 1  
0 .9 0 6  
2 .2 73  
0 .2 5 6  
2 .4 5 4
0 . 7 4 8 * *
0 . 0 0 5
0 . 7 6 8 * *
0 . 7 4 1 * *
0 . 7 6 8 * *
0 . 7 9 3 * *
0 . 7 6 8 * *
0 . 8 0 0 * *
0 . 8 0 0 * *
0 . 8 0 0 * *
0 . 8 0 0 * *
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Table 3. Regression parameters o f  the r e l a t i o n s h i p s  between the n a tu ra l
l o g a r i t h m  of Dd and the independent v a r i a b le s  J ,  θ,  V, and
ΔΘo. Movement of  3HOH was in  the same d i r e c t i o n  as w a te r . 
θ ο
T o t a l
d f
R e g r e s s i o n  P a r a m e te r s
s - XX R2g h i j k
0 . 4 0 0 15 0. 124 
5 .7 8 4  
0 . 1 8 8  
- 0 . 0 1 9  
0 .0 0 9
1.799
- 0 . 0 1 6
1.249
0 .1 1 0
0 . 7 4 0
0 . 5 0 3  
- 0 . 1 0 2
- 0 . 0 7 6
- 0 . 5 2 1
- 0 . 4 5 4
- 1 4 . 6 6 0
- 4 . 6 2 8
- 3 . 1 7 5
- 1 . 6 4 7
0 .139
- 0 . 0 2 4
0 .127  








0 .0 9 3  
1.069 
0 .0 2 2  
0 .4 4 6  
0 .0 7 4  
0 .9 1 6  
3.639  
1.821 




2 .4 5 0  
0 .3 4 8  
0 . 1 0 3  
1 .1 12  
0 .401  
4 .2 8 2  
0. 115 
2.465
0 . 6 7 8 * *
0 . 9 3 1 * *
0 . 7 3 7 * *
0 . 9 5 2 * *
0 . 9 5 8 * *
0 . 9 5 7 * *
0 . 9 5 6 * *
0 . 9 6 0 * *
0 . 9 6 3 * *
0 . 9 6 3 * *
0 .3 69 12 0 .1 8 6  
4 .792  
0 . 2 4 7  
0 .0 5 9  
3 .4 1 3
3 .5 7 0
8 .884
5 .383
- 0 . 0 5 8
3 .8 74
6 .5 9 8
0 .561  
0. 187
0 .1 5 6  
1 .2 10  
1.282  
1 .288
- 1 2 . 6 4 7
- 8 . 9 4 4  
- 9 . 3 1 4  
- 2 3 . 5 3 1  
- 1 4 . 1 9 0
- 1 0 . 5 5 6
- 1 7 . 8 2 6
0. 141 
0 .0 42
- 0 . 2 5 1
- 0 . 2 9 4
- 0 . 3 0 7
6 .8 74
- 6 . 0 6 6
- 2 . 5 8 1
4 .7 14
- 3 . 5 4 2
0 .0 7 4  
1.263 
0.019  
0 .8 0 6  
0 .1 3 5  
2 .9 34  
3 .1 67  
0 .0 3 7  
10 .936  
6 .0 54  
0 .1 6 5  
14.789 
7 .118  
0 .9 0 7  
0 .2 38  
1.575 
0 .8 4 8  
3.092  
0 .2 2 5  
0 .8 8 5  
14 .523  
0 . 2 3 6
0 . 8 4 0 * *  
0 . 9 0 1 * *  
0 . 8 3 7 * *  
0 . 8 6 9 * *  
0 . 9 1 7 * *
0 . 9 1 3 * *
0 . 9 1 0 * *
0 . 9 1 8 * *
0 . 9 2 0 * *
0 . 9 3 0 * *
0 . 9 3 3 * *
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T a b le  3.  c o n t .
T o t a l R e g r e s s i o n  P a r a m e t e r s
R2θo d f g h i j k X
0 . 3 2 5 15 0 . 7 3 3
2 .2 3 1
0 . 7 5 3
0 . 8 4 3
0 .8 5 7
0 . 7 3 2
0 . 7 4 7
- 1 . 0 2 8
0 . 6  79
0 . 3 3 4
0 . 2 5 0
0 .2 3 5
0 . 2 6 3
0 . 1 5 4
0 .2 2 9
1 .7 93
1 .6 80
- 4 . 2 3 3
- 0 . 3 7 7
5 . 4 4 0
1 .075
0 . 0 6 3
- 0 . 0 0 3
- 0 . 4 8 6




4 . 8 5 0
4 .9 5 8
0 .0 7 9  
1.797  
0 . 0 2 0  
0 .8 3 1  
0.  135 
2 .7 8 3  
0 . 5 7 6  
0 . 1 4 7  
0 . 1 1 5  
1.189 
0 . 1 2 6  
4 . 4 2 5  
1 .901  
0 .7 9 6  
0 . 2 3 4  
1 .9 88  
0 .9 8 3  
4 .9 9 9  
0 .301  
2 . 1 3 2
0 . 4 1 8 * *
0 . 2 3 4 *
0 . 4 0 9 * *
0 . 3 9 8 * *
0 . 4 1 9 *
0 . 4 1 8 *
0 . 4 7 1 *
0 . 5 3 5 *
0 . 6 1 1 * *
0 . 6 1 3 *
0 . 2 5 4 8 0 .3 39
0 . 9 1 6
0 .3 6 9
0 .5 1 9
- 0 . 6 0 2
0 . 3 5 8
- 0 . 8 2 3
0 . 4 2 7
0 . 4 0 3
0 . 1 4 3
0. 186
0 . 4 5 8
0 . 7 7 6  
0. 165
0 . 3 4 5
0 .0 6 3
- 1 . 6 4 3
3 .4 93
4 . 5 0 0
1.031
0 .8 5 9
0 .0 8 2
0 . 0 5 3  
0. 158 
0 .1 3 7  
0 . 0 7 7
0 . 1 4 6
0 .  133
0 . 4 3 6
- 3 . 9 4 0
- 3 . 9 6 5
- 3 . 2 7 0
- 3 . 3 8 6
0 .2 1 1
2 . 2 4 4
0 . 0 3 8
2 .3 11
0 . 3 2 0
2 .729
2 .0 62
0 . 3 6 8
2 .7 6 8
0 . 0 5 8
0 . 0 4 3
2 .0 4 3
1 .772
0 . 3 1 6
2 . 2 3 3
5 . 1 1 0
0 .0 6 2
4 . 0 0 0
6 .0 82
17 .5 4 5
1 .2 05
12 .0 7 8
0 . 4 0 3
0 .0 71
0 . 4 0 4
0 . 0 0 5
0 .5 3 1
0 . 4 0 5
0 . 5 8 7
0 . 6 3 2 *
0 . 6 3 5
0 . 6 3 5
0 . 6 3 5
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T a b l e  3.  c o n t .
θo
T o t a l
d f
R e g r e s s i o n  P a r a m e te r s
sx R2g h i j k
A l l  d a t a 59 0 .3 4 3
1.129
0 . 3 3 4
0 . 3 6 6
0 .3 3 6
0 . 3 2 2
0 . 4 0 3
0 .3 1 8
0 . 3 2 0
0 .3 9 8
0 . 3 3 0
0 .4 5 2
- 0 . 1 4 9
0 . 2 2 4
- 0 . 1 4 3
- 0 . 1 3 3
- 0 . 8 9 5
- 0 . 2 4 3
- 0 . 2 8 2
- 0 . 0 3 6
0 . 1 2 6
0 .1 6 7
0 .1 2 6
0 .072
0 . 1 1 1
0 .0 7 2
0. 108
5 .4 5 7
3 .1 0 3
2.649
2 .6 4 3
2.659
2 .6 4 5
0 .  039
1. 150 
0 . 0 1 0  
0 .459  
0 .2 4 5  
0 .0 6 7  
0 .0 7 5  
0 .9 0 1  
0 .6 1 4  
0 .0 1 0  
0 .0 21  
0 .9 23  
0 .2 3 1  
0 .0 6 6  
0 . 9 2 8  
0 .5 79  
0 .0 2 1  
0 .929  
0 .3 4 6  
0 . 8 6 8  
0 .0 9 8  
0 .937
0 . 6 9 6 * *
0 .0 1 0
0 . 7 2 4 * *
0 . 7 0 9 * *
0 . 7 2 6 * *
0 . 7 4 8 * *
0 . 7 2 5 * *
0 . 7 5 9 * *
0 . 7 6 0 * *
0 . 7 6 0 * *
0 . 7 6 0 * *
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The a b i l i t y  o f  the l i n e a r  and n a tu r a l  lo g a r i t h m  models to  p r e d i c t
the exper imenta l  data  are shown i n  F igures  7 and 8. The l i n e a r  models
seem to  p r e d i c t  the response of  D d b e t t e r  a t  the lower f lo w  ra te s  where-
as the n a tu r a l  lo g a r i th m  models seem to  p r e d i c t  the response a t  the h ighe r  
f lo w  r a te s .  L i t t l e  improvement was found by adding more than one inde­
pendent v a r i a b l e  to  the reg ress io n  models a t  the h ighe r  Θo va lues .
However, some improvement was obtained a t  the lower  Θova lues .  When 
the da ta  were considered c o l l e c t i v e l y ,  l i t t l e  improvement was made by 
cons ide r in g  more than one independent v a r i a b l e .
These r e s u l t s  i n d i c a te  t h a t  the p r e c i s i o n  w i t h  which the magnitude
o f  Dd f o r  3HOH could be p red ic ted  w i t h  models t h a t  inc luded a f lo w  r a te
term was g r e a te r  a t  the h ighe r  s o i l  water  con ten ts  than a t  the lower
s o i l  wa te r  con ten ts .  This  was expected because of  the g re a te r  i n f l u e n c e
o f  d i f f u s i o n  a t  the lower s o i l  wa te r  con ten ts  than hydrodynamic d i s p e r s io n .
Transpo r t  by d i f f u s i o n  i s  a r e s u l t  o f  c o n c e n t ra t io n  d i f f e r e n c e s  between
two l o c a t i o n s  whereas hydrodynamic d i s p e r s io n  i s  a r e s u l t  o f  the movement
o f  the s o i l  s o l u t i o n .  D i f f u s i o n  of  3HOH i n  the Capt ina s o i l  was shown 
by Sco t t  and Paetzo ld  (15) to  be r e la te d  to  θv . They found t h a t  d i f f u s i o n  
occurred p redominan t ly  i n  the vapor phase a t  the lower va lues  of  Θ.
The apparent c o n t r i b u t i o n  of  vapor phase d i f f u s i o n  o f  3HOH to  the observed
Dd in  t h i s  study can be seen from the data  presented i n  F igu re  9,  i n
which the i n t e r c e p t s  of  the l i n e a r  reg re s s io n  models increased w i t h  a
 decrease i n  f rom 0.400 t o  0.320 cm3 /cm3 , and then decreased. The 
h ig h e r  va lues  o f  Dd a t  the low f lo w  r a te s  may be a t t r i b u t e d  to  d i f f u ­
s io n  in  the vapor phase.
The s lopes o f  the l i n e a r  reg re s s io n  models shown in  F igu re  9 i n ­
































F i g u r e  9 R e l a t i o n s h i p s  o f  th e  l i n e a r  r e g r e s s i o n  o f  3HOH d i s p e r s i o n  
c o e f f i c i e n t s  on th e  a v e ra g e  s o i l  p o r e  w a t e r  v e l o c i t y  a t  
f o u r  Go v a l u e s .
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t o  changes in  J  and V as 0 O in c re a s e d .  I t  w o u ld  be e xp e c te d  t h a t  an
in c re a s e  in  0 O w o u ld  in c re a s e  th e  m a g n itu d e  o f De and D ^. F o r e xa m p le ,
i t  was shown by S c o t t  and P a e tz o ld  (1 5 )  t h a t  De o f  3HOH in c re a s e d
as  0o in c re a s e d .  H ow ever, th e  e f f e c t s  on Dh a re  m ore c o m p le x . The
m a g n itu d e  o f th e  h y d r a u l ic  c o n d u c t iv i t y  w ou ld  in c re a s e  as 0 O in c r e a s e d .
T h e r e fo r e ,  a lo w e r  h y d r a u l ic  g r a d ie n t  w o u ld  be needed to  p ro d u c e  a g iv e n
V a t  th e  h ig h e r  0O v a lu e s  as compared w i t h  th e  lo w e r  0 O v a lu e s .  A ls o ,
m ore o f  th e  la r g e r  p o re s  in  th e  s o i l  a re  c o n d u c t in g  w a te r  a t  th e  g r e a te r
0 v a lu e s  th a n  a t  th e  lo w e r  0 v a lu e s  w h ic h  w ou ld  c o n t r ib u t e  t o  g r e a te r  
v a r ia t i o n s  in  p o re  d ia m e te rs  and f lo w  v e l o c i t i e s  a lo n g  th e  f lo w  p a th .
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F lo w  A g a in s t  W a te r
The c o n c e n t r a t io n  d i s t r i b u t i o n  c u rv e s  f o r  th e  f lo w  a g a in s t  w a te r
a re  shown in  F ig u re  10. These e x p e r im e n ta l r e s u l t s  in d ic a t e  t h a t  th e
c u rv e s  c ro s s e d  th e  c e l l  in t e r f a c e  a t  C/Co v a lu e s  e q u a l to  o r  le s s  th a n
0 .5 0 .  T hus, th e  e x p e r im e n ta l in t e r f a c e  s h i f t e d  to  th e  l e f t  o f  th e  c e l l
i n t e r f a c e ,  a r e s u l t  a ls o  obse rved  when f lo w  o f  3HOH and w a te r  w ere 
i n  th e  same d i r e c t i o n .
The am ount o f s o lu te  fo u n d  in  th e  i n i t i a l l y  n o n - r a d io a c t iv e  h a l f  
c e l l  was c o n s id e r a b ly  lo w e r  th a n  in  th e  i n i t i a l l y  r a d io a c t iv e  h a l f  c e l l .
T h is  in d ic a te s  t h a t  as V in c re a s e d ,  le s s  s o lu te  moved a c ro s s  th e  c e l l  
i n t e r f a c e ,  and lo w e r  C/Co v a lu e s  w ere  found  n e a r th e  c e l l  i n t e r f a c e .
Assum ing  a c o n s e rv a t io n  o f mass o f  th e  s o lu te  th e s e  d a ta  in d ic a t e  t h a t  
as V in c re a s e d ,  m ore 3HOH moved w i t h  th e  w a te r  (mass o r  c o n v e c t iv e  f lo w ) ,  
th e re b y  c a u s in g  th e  C/Co v a lu e s  to  be g r e a te r  th a n  1 .0 0  somewhere in
th e  h a l f c e l l  t h a t  i n i t i a l l y  c o n ta in e d  3HOH. T h is  r e s u l t  can be seen 
fro m  th e  c o n c e n t r a t io n  d i s t r i b u t i o n  c u rv e s  when V was e q u a l to  4 .9 0  and 
1 2 .8 6  c m /d a y . I t  can be c o n c lu d e d  t h a t  even tho u g h  th e  s o lu te  c o n c e n t r a t io n  
g r a d ie n t  was in  th e  o p p o s ite  d i r e c t i o n  to  th e  d i r e c t i o n  o f  w a te r  f lo w ,  
th e  t r a n s p o r t  o f  s o lu te  in  w a te r  m ov ing  in  th e  o p p o s ite  d i r e c t i o n  can 
o v e r r id e  th e  d i f f u s i o n  e f f e c t s .  The g r e a te r  th e  v a lu e  o f V, th e  g r e a te r  
th e  o v e r r id in g  e f f e c t s .  T h is  in d ic a te s  t h a t  in  th e  case o f  f lo w  a g a in s t  
w a te r ,  d i f f u s i o n  and h yd ro d yn a m ic  d is p e r s io n  a c t  a g a in s t  each o th e r .
S in c e  th e  f lo w  was in  th e  o p p o s ite  d i r e c t i o n  as w a te r ,  th e  s o lu te  moved 
a c ro s s  th e  c e l l  i n t e r f a c e  was t r a n s p o r te d  by  d i f f u s i o n  o n ly .  T h is  
t r a n s p o r t  o c c u rre d  in  th e  s o i l  p o re s  t h a t  had r e l a t i v e l y  s m a ll d ia m e te rs .
As V in c re a s e d ,  m ore o f th e  r e l a t i v e l y  la r g e  p o re s  w ere c o n d u c t in g  w a te r ,
and as a r e s u l t  m ore o f th e  3HOH was t r a n s p o r te d  in  th e  same d i r e c t i o n
38
DISTANCE FROM INTERFACE, Cm
F ig u re  10 C o n c e n tra t io n  d i s t r i b u t i o n  c u rv e s  f o r  3HOH i n  C a p t in a  s o i l  a t  th re e  p o re  
w a te r  v e l o c i t i e s .  F low  o f  s o lu te  was in  th e  o p p o s ite  d i r e c t i o n  as w a te r .
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as w a te r .  T h is  r e s u l t  had th e  e f f e c t  o f  lo w e r in g  th e  c o n c e n t r a t io n  
g r a d ie n t ,  th e re b y  d e c re a s in g  th e  c o n t r ib u t io n  o f  d i f f u s i o n  to  th e  o v e r a l l  
t r a n s p o r t  p ro c e s s .
I t  i s  w e l l  known t h a t  s o lu te s  a c c u m u la te  a t  th e  s o i l  s u r fa c e  due 
to  upward movement w i t h  th e  c a p i l l a r y  movement o f  w a te r  to  th e  s u r fa c e  
and s u b s e q u e n t e v a p o ra t io n  a t  o r  n e a r th e  s o i l  s u r fa c e .  The r e s u l t s  p re ­
s e n te d  in  F ig u re  10 a ls o  in d ic a t e  t h a t  s o lu te s  can  a c c u m u la te  a t  th e  s u r fa c e  
a s  a r e s u l t  o f  th e  t r a n s p o r t  p ro c e s s  w i t h  o r  w i t h o u t  th e  e v a p o ra t io n  o f  
w a te r .
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In f lu e n c e  of  S o lu t io n  Flow Parameters on 3HOH Transpor t
The in f l u e n c e  of  the average pore wa te r  v e l o c i t y  on the magnitude
o f  the d i s p e rs io n  c o e f f i c i e n t s  a t  d i f f e r e n t  va lues  o f  Θ are shown in
F igures  11 to  13. These data  i n d i c a te  t h a t  as V inc reased ,  Dd increased .
The exper imenta l  data  were s c a t te re d ,  e s p e c ia l l y  a t  the lower θο va lues .
_   When θο was 0.389 cm3 /cm3 , the 3HOH d i s p e r s io n  c o e f f i c i e n t s  ranged from
0.84 -  to  5.88 x 10-5 cm2 /sec as V ranged from 0 .75 -  to  12.4 cm/day. As
θο decreased the va lue  o f  V th a t  was obtained e x p e r im e n ta l l y  decreased
and t h i s  was coupled w i th  lower va lues  o f  D d.
A l l  the exper imenta l  va lues  of  Dd f o r  f lo w  aga ins t  water  are presented
as a f u n c t i o n  of  V in  F igure  14 and of  J i n  F igure  15. The D d va lues
ranged from 0 .29 -  to  5.88 x 10 cm2 /sec as J and V ranged to  3.12 and 12.9 
cm/day, r e s p e c t i v e l y .  These r e s u l t s  show t h a t  as the s o i l  water  f lo w  r a te s
increased ,  va lues  of  Dd f o r  3HOH inc reased .  There was, however,  cons ide rab le
s c a t t e r  in  the da ta .  Obv ious ly ,  a t  a zero f lo w  r a te  the va lue  o f  Dd was
g re a te r  than zero which in d ic a te s  t h a t  d i f f u s i o n  was an im por tan t  t r a n s p o r t  
mechanism, p a r t i c u l a r l y  a t  the low s o i l  water  f lo w  ra te s .
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F ig u r e  11 S c a t t e r  d ia g ra m  o f  th e  3HOH d i s p e r s i o n  c o e f f i c i e n t s  and 
th e  ave rage  p o re  w a te r  v e l o c i t y 3. Th e ave rage  i n i t i a l  
s o i l  w a te r  c o n te n t  was 0 .3 8 9  cm3 / cm 3.
42
F ig u re  12 S c a t te r  d ia g ra m  o f  th e  3HOH d is p e r s io n  c o e f f i c i e n t s  and 
th e  ave rage  p o re  w a te r  v e l o c i t y .  The a ve ra g e  i n i t i a l  
s o i l  w a te r  c o n te n ts  w ere 0 .3 5 5  and 0 .2 8 0  cm3 / cm3 .
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F ig u re  13 S c a t te r  d ia g ra m  o f  th e  3HOH d is p e r s io n  c o e f f i c i e n t s  and 
th e  ave ra g e  p o re  w a te r  v e l o c i t y .  The ave ra g e  i n i t i a l  
s o i l  w a te r  c o n te n ts  w ere 0 .2 0 3 , 0 .1 6 3 , and 0 .1 3 3  cm 3/cm 3 .
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F ig u re  14 R e la t io n s h ip s  be tw een th e  3HOH d is p e r s io n  c o e f f i c ie n t s  
and th e  a ve ra g e  p o re  w a te r  v e lo c i t y  f o r  f lo w  o f  3HOH 
in  th e  o p p o s ite  d i r e c t i o n  o f  w a te r .  These d a ta  w ere 
ob t a in ed fro m  0o v a lu e s  ra n g in g  fro m  0 .1 3 3  to  0 .3 8 9  
cm3 /cm 3 .
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F ig u re  15 R e la t io n s h ip s  be tw een  th e  3HOH d is p e r s io n  c o e f f i c ie n t s  
and th e  a ve ra g e  s o i l  w a te r  f l u x  f o r  th e  f lo w  o f  3H0H 
in  th e  o p p o s ite  d i r e c t i o n  o f  w a te r .  These d a ta  w ere 
o b ta in e d  fro m  0o v a lu e s  ra n g in g  fro m  0 .1 3 3  to  0 .3 8 9  
cm3 /cm 3 .
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Regression o f  and Flow Parameters
The reg res s io n  analyses o f  Dd as a f u n c t i o n  o f  the independent 
v a r i a b l e s  J ,  θo , V, and ΔΘo are  g iven  i n  Tables 4 and 5. A l l  independent
v a r i a b le s  alone and in  combinat ion w i t h  o thers  were h i g h l y  s i g n i f i c a n t  a t
 -θο of  0.389 cm3 / cm3 . No s i g n i f i c a n t  r e l a t i o n s  were found a t  θο o f  0.355,
bu t  t h i s  may be due to a la c k  o f  exper imenta l  data  a t  the h ighe r  water
 -f l o w  ra te s .  At θο of  0.280 cm3 /cm3 , V and θο were h i g h l y  s i g n i f i c a n t l y
 c o r re la te d  w i t h  D d . At  θο of  0.203 cm3 /cm3 o n ly  the combinat ion of  J ,  Θ,
and V was s i g n i f i c a n t .  When the exper imenta l  da ta  were considered c o l l e c t ­
i v e l y ,  h i g h l y  s i g n i f i c a n t  c o r r e l a t i o n s  were found between Dd and J ,  V, and 
Δ θο.
The best  reg ress io n  models were determined by c o ns ide r in g  the va lue
o f  R and P-x . As p r e v io u s ly  observed g re a te r  standard e r ro r s  were found
w i t h  the c o r r e l a t i o n s  between Dd and Θ and between Dd and Δ θ ο ,  than w i th
the o the r  two independent v a r i a b le s .  When a l l  the exper imenta l  data  were 




The bes t n a tu r a l  l o g a r i th m  models w i t h  on ly  one v a r i a b le  were
[37]
[38]
T a b le  A. R e g r e s s i o n  p a r a m e te r s  o f  th e  r e l a t i o n s h i p s  between th e  dependen t  
v a r i a b l e  D d and th e  in d e p e n d e n t  v a r i a b l e s  J ,  S,  V and A  0 o . Move­
ment  o f  3HDH was i n  th e  o p p o s i t e  d i r e c t i o n  as w a t e r .
T o t a l R e g r e s s i o n  P a ram e te rs
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0 . 4 4 5 * *
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0 . 7 1 9 * *
0 . 7 2 4 * *
0 . 7 2 5 * *
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T a b le  4.  C on t inued
T o t a l
d f
R e g r e s s i o n  P a ra m e te rs
s -
X R20 o a b c d e
0 .2 8 0
0 .2 0 3
6
6
0 .5 7 5
4 .3 2 1
0 .6 0 6
0 .4 95
0 . 4 2 6
1 .6 57
0 . 4 8 7
0 .5 8 4
0 .8 1 1
0 .7 2 8
0 . 8 5 8
3 .2 4 0
0 .8 8 5
0 . 8 4 0
5 .382




6 .8 5 4
1.371
0 . 5 7 5
- 0 . 9 1 3
- 0 . 7 9 0
.310
- 1 . 0 0 3
4 .0 3 7
6 .3 0 4
- 1 2 . 9 9 0
- 4 . 0 4 7
- 1 . 1 3 0
- 0 . 5 4 9
- 1 3 . 1 8 9
- 2 3 . 4 2 5
- 2 7 . 3 3 4
- 1 7 . 0 9 2
- 3 0 . 6 0 7
- 2 7 . 5 8 5
- 3 2 . 0 1 0
0 . 2 8 6
0 .1 39
0.351
0 . 1 3 2
0 .3 19
0 .0 4 0
- 0 . 1 9 7
- 0 . 8 1 7
- 0 . 2 5 4
- 1 . 0 6 6
9 .8 3 2
7.439
7 .2 77
6 .1 1 0
4 .2 2 2
5.594
4 .2 2 6
2 .185
- 2 . 9 6 9
2 .940
- 5 . 0 9 1
0 .4 6 3
3 .3 1 3  
0 .0 6 6  
1.909 
0 .359  
2 .2 39  
5 .9 5 6  
4 .2 6 9  
0 .082  
2 . 7 4 6  
3 .272  
0 .7 6 7  
7.456  
5 .969  
0 . 1 0 2  
4 .1 6 8
4 .3 8 0  
7 .9 3 6  
1 .0 48  
9 . 1 2 2
0 .6 4 7  
6 .709  
0 .0 97  
4. 166 
0 .6 8 6  
9 .2 5 6  
8 .2 6 6  
0.091  
9 .1 4 4
4 . 3 8 0  
1.714  
5 . 8 2 3  
0 . 2 7 0  
8.961 
0 . 1 3 3  
4 .5 90  
2 .3 7 8  
5 .428  
0 .3 1 5  
4 .0 2 2
0 . 6 3 7 *
0 . 7 5 5 *
0 . 7 9 3 * *
0 . 8 4 1 * *
0 . 9 0 3 * *
0 . 8 5 8 *
0 . 9 0 7 * *
0 . 9 1 0 *
0 . 9 0 8 *
.9 10  ns
.0 4 4  ns 
.436  ns 
.0 3 3  ns 








T a b le  4.  C on t inued
6
o
T o t a l
d f
R e g r e s s i o n  P a ram e te rs
s -
X R2a b c d e
A l l  d a t a 53 0 .6 3 2
1.302
0 .6 7 0
0 .7 17
0 .8 6 7
0 . 6 3 0
0 .6 41
0 .8 9 6
0 . 9 1 0
0 .9 1 2
1.058
1.493
1.073  - 1 . 0 2 6
0 .9 07
1.093
1.141  - 1 . 1 5 0
1.142  - 1 . 1 3 6  
1.148  - 1 . 1 4 6
0 .2 5 6
8.309
0 .038
- 0 . 3 8 6
- 0 . 0 1 7
- 0 . 7 3 1  
- 0 . 0 0 1  - 0 . 7 2 4
0. 100 
2 .202  
0 .0 2 6  
1.180  
0. 102 
1 .275  
0 .421  
0 .1 04  
0 .196  
1 .8 20  
0 .5 3 4  
1.597 
0 .1 3 0  





0 .1 38  
1.982
. 6 8 2 * *  
.009 ns 
. 6 5 4 * *  
. 4 8 8 * *  
. 6 8 6 * *
. 6 8 3 * *
. 6 8 2 * *
. 6 8 6 * *
. 6 8 7 * *
. 6 8 7 * *
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T a b le  5.  R e g r e s s i o n  p a r a m e te r s  o f  th e  r e l a t i o n s h i p s  be tw een  th e  n a t u r a l  
l o g a r i t h m  o f  3Dd and the  in d e p e n d e n t  v a r i a b l e s  J ,  0 , V and A  Oo. 
Movement o f  3HDH was i n  t h e  o p p o s i t e  d i r e c t i o n  as w a t e r .
eo
T o t a l
df
R e g r e s s i o n  P a ram e te rs
X R2g h i j k
0 .389
0 .3 5 5
16
14
- 0 . 3 5 4  
3 .2 97  
- 0 . 1 7 9  
- 0 . 1 7 2  
1.162
- 0 . 2 7 2
- 0 . 4 8 3
0 .9 2 5
- 0 . 2 8 5
2 .1 0 2
0 .2 4 8




0 .1 7 7
0 .2 21
0 .2 4 0
- 1 . 5 4 1
0 .1 9 7
- 1 . 5 8 0
0 .6 1 4
0 . 4 3 3
0 .2 8 0




1 .0 6 4
0 .1 4 8
- 0 . 3 4 6
- 0 . 5 1 3
- 8 . 6 1 1
- 4 . 0 9 0
- 2 . 9 8 1
- 7 . 1 4 1
- 1 . 8 2 7
- 6 . 0 3 5
- 0 . 6 8 4
4 .812
5 .183
0 . 1 3 8
0 .0 7 7
0. 104 
0 .101  
- 0 . 1 8 1
- 0 . 1 1 3
- 0 . 1 7 6
0 .0 3 4
0 .1 0 4
0 .131
0 . 0 5 5
0 .2 4 3





0 .6 4 4
0 .5 6 5
- 0 . 7 1 4
0 . 0 8 8  
1.683 
0 .0 2 0  
0 .9 8 5  
0 .1 02  
1.571 
0 .3 84  
0 .0 8 6  
0 .1 0 2  
0 .9 3 0  
2 .1 4 4  
0 .031  
0 . 0 3 0  
1 .2 2 0  
0 . 4 0 6
2 .3 74  
0 .1 1 0  
0. 106 
5 . 0 3 6  
2 .9 85  
0 .3 8 4  
0 .101  
1 .2 9 5  
0 .431  
5 .539  
0 .1 1 6  
2 .8 89
0 .2 3 4
2.228
0 .0 4 8
1 .3 7 5  
1 .2 2 4  
0 . 2 5 3  
5 .648  
0 .1 2 4  
0 .089  
2 .4 99  
1 .2 5 1  
5 .9 2 4  
0 .3 0 1
0 . 7 6 3 * *
0 . 6 3 6 * *
0 . 7 6 7 * *
0 . 6 4 1 * *
0 . 8 4 0 * *
0 . 7 7 6 * *
0 . 8 4 1 * *
0 . 7 9 6 * *
0 . 8 0 1 * *
0 . 8 6 8 * *
0 . 8 4 3 * *
0 . 8 5 5 * *
0 . 8 6 8 * *
0 . 0 3 0
0 . 0 0 7
0 .0 3 7
0 .013
0 .092
0 .0 4 3
0 .1 0 6
51
T a b le  5.  Cont
T o t a l
d f




0 .2 8 0
0 . 2 0 3
6
6
- 6 . 0 1 8
- 7 . 2 6 3
- 0 . 4 1 3
2 .4 6 8
- 0 . 3 7 9
- 0 . 4 4 7
- 0 . 2 8 7
- 0 . 5 1 3
0 . 9 4 0
- 0 . 4 5 4
0 .1 41
- 0 . 5 4 3
0 .1 1 0
0 .2 74
- 0 . 2 5 7
2 .3 5 4
- 0 . 2 2 9
- 0 . 2 5 1
4 .2 2 4
4.896
3 .2 1 2
5.315
- 1 . 0 3 3
1.085
- 1 . 3 8 9
0 .5 53
0 .498
0 .8 3 6
1.538
0 .425




- 9 . 9 4 8
- 4 . 7 3 5
- 2 . 2 5 6
- 1 . 9 6 4
- 3 . 1 0 5
- 1 4 . 2 6 6
- 2 3 . 2 0 2  
- 2 6 . 7 2 2  
- 1 8 . 1 8 0  
- 2 9 . 7 2 1
0 .2 0 5
0 .449
0 .2 21
0 .4 7 4
0 .1 3 8  
0. 128
- 0 . 0 6 7
0 .1 15
- 0 . 2 5 0
0 . 0 5 8  
- 0 . 1 7 4  
- 0 . 7 4 1
5 .816








2 .5 0 5
- 2 . 9 7 8
12 .6 60  
0.141  
5 .4 57  
1.289 
13 .759 
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2 .6 6 7  
5 .018  
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3 .3 60  
0 .5 15  
7 .040  
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4 .0 3 0  
0 .9 4 4  
9 .1 7 6  
7.263  
0. 124 
5 .0 7 0  
5.272  
9 .5 5 0  
1.261 
10 .953




0 .649  
8 .7 58  
7.995 
0 . 0 8 8  
8 .3 35  
3 .992  
1.808 
6 .1 4 3  
0 .2 8 5
0 .1 7 7
0 .227
0 . 6 0 9 *
0 . 6 7 6 *
0 . 7 1 8 *
0 . 7 0 3 *
0 .7 6 5
0 . 7 9 1 *
0. 770
0 . 7 8 8 *
0 .797
0.791











T a b le  5.  Cont.
θo
T o t a l
d f
R e g r e s s i o n  P a ra m e te rs s -
X R2g h i j k
4.891
5 .6 5 6 6 .5 6 6
- 2 6 . 8 8 6
- 3 1 . 4 9 6
- 0 . 2 1 1
- 1 . 0 5 6
1 .925
- 6 . 4 3 9
8 .9 8 2
0 .1 3 3
4 . 6 0 0
2 .0 21
4 .6 1 5
0 .2 6 8
3 .419
0 . 7 6 8
0 . 9 6 3
A l l  d a t a 53 - 0 . 2 1 6  
0 .0 3 0  
- 0 . 1 9 7  
- 0 . 2 0 1  
- 0 . 1 8 9
- 0 . 2 1 7
- 0 . 2 3 4
- 0 . 2 3 3
- 0 . 2 3 3
- 0 . 2 5 4
0 .539
0 .5 41
0 .4 4 4
0 .4 6 9
0 .469
0 .4 3 7
0 .419
1 .154
- 0 . 1 1 7
- 0 . 0 0 2
0 .090
0 .1 3 1
0 . 0 2 4
0 . 0 1 0
0 .0 1 4
4 .4 94
0 .7 6 3
0 . 7 6 3
0 .7 0 2
0 .7 01
0 . 0 6 0
1.185
0 .0 1 5
0 .6 3 8
0 .0 62
0 .7 72
0 .2 5 3
0 .0 6 3
0 .1 1 7
1 .0 90
0 . 1 2 3
0 .7 9 4
1.127
0 .2 5 5
0 . 0 6 8
1.184




0 . 6 0 6 * *
0 .0 1 8
0 . 5 8 4 * *
0 . 4 8 8 * *
0 . 6 0 6 * *
0 . 6 0 7 * *
0 . 6 1 0 * *
0 . 6 1 0 * *
0 . 6 1 0 * *
0 . 6 1 0 * *
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These re g re s s io n  models are p lo t t e d  in  F igures  14 and 15. The r e s u l t s  
show t h a t  the n a tu r a l  lo g a r i th m  models p r e d i c t  h ighe r  Dd va lues  a t  the 
lower  f lo w  r a te s  and a t  the h ighe r  f lo w  ra te s .  For the one v a r ia b le  
models presented in  equat ions  [35] t o  [ 3 8 ] ,  h ig h e r  R2 and Δ - x  va lues  
were found w i t h  l i n e a r  models. G enera l ly ,  l i t t l e  improvement was found 
i n  the a b i l i t y  o f  a re g re s s io n  model to  p r e d i c t  the response of  when 
more than one independent v a r i a b le  was cons idered.  F i n a l l y ,  the re  seemed 
t o  be l i t t l e  cons is tency  i n  the r e l a t i o n s h i p s  between Θo and e i t h e r  the 
i n t e r c e p t s  or s lopes of  the models.
54
Comparison o f  So lu te  Response to  Flow Regimes
The exper iments conducted i n  t h i s  research r e p o r t  s im u la te  the
c c o n d i t io n s  in  the f i e l d  where a s o lu te  i s  placed in  the s o i l  a t  a
c o n c e n t ra t io n  o f  Co to  a smal l  depth xo below which there  i s  no s o lu te .
The two c o n d i t io n s  th a t  c o n t r o l  the s o lu te  r e d i s t r i b u t i o n  in  the s o i l  
a re  the downward movement of  water ( leac h ing )  as a r e s u l t  of  r a i n f a l l  
o r  i r r i g a t i o n ,  and the upward movement of  water  due to  c a p i l l a r y  r i s e .  
D i f f u s i o n  and convec t ion  are ac t in g  toge the r  in  the former c o n d i t i o n  
and aga ins t  each o the r  in  the l a t t e r  c o n d i t i o n .  There fo re ,  the leach ­
ing process corresponds to the case of  f low  w i t h  water  whereas so lu te  
t r a n s p o r t  due to  the upward movement of  water corresponds to  the case of
f l o w  aga ins t  wa te r .  Since the f lo w  regimes a f f e c t  the t ra n s p o r t  mech-
anisms, i t  i s  of  i n t e r e s t  to  compare t h e i r  e f f e c t s  on the s o lu te ,  3HOH.
The shapes of  the c o n c e n t ra t io n  d i s t r i b u t i o n  curves were a f fe c ted
by the placement of  the 3HOH w i t h  respect  to  the d i r e c t i o n  o f  water
movement. In the case o f  f low  w i th  wa te r ,  C/Co va lues  were equal to  or
g r e a te r  than 0.50 (F igu re  2 ) .  As V increased,  more 3HOH was t ranspor ted
across the c e l l  i n t e r f a c e  and the va lue  o f  C/Co a t  the c e l l  i n t e r f a c e
increased.  Since unequal areas under the c o n c e n t ra t io n  d i s t r i b u t i o n
curves were observed in  the two h a l f c e l l s ,  the ac tu a l  i n t e r f a c e  s h i f t e d
t o  the l e f t  du r ing  the f lo w  process.
In  the case of  f lo w  a g a in s t  wa te r ,  C/Co va lues  were equal t o  or
le s s  than 0.50 (F igu re  10).  As V increased,  le ss  3HOH was t ranspor ted
across the c e l l  i n t e r f a c e  and the va lue  o f  C/Co a t  the c e l l  i n t e r f a c e
decreased. Al though the ac tu a l  i n t e r f a c e  was s h i f t e d  to  the l e f t  as
observed in  the exper iments on f lo w  w i th  wa te r ,  the r e l a t i v e  concentra-
t i o n  of  3HOH was g re a te r  than 1.0 a t  some l o c a t i o n  in  the h a l f c e l l .
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This  r e s u l t  ind ica ted  th a t  convect ion and d i f f u s i o n  were opera t ing
aga ins t  each o ther  in  the case of  f low  aga ins t  water .
As a r e s u l t  of  the d i f f e r i n g  shapes o f  the 3HOH c o nc e n t ra t io n  d i s ­
t r i b u t i o n  curves, the magnitude of  was found to be a f fe c ted  by p lace-
ment p o s i t i o n .  Values of  Dd ranged from 0.88 to  7.5 x 10-5 cm2 /sec in
the case of  f low  w i th  wate r ,  and from 0.29 to  5.88 x 10-5 cm2 /sec in
the case o f  f low  aga ins t  water .  In both  f low  regimes Dd increased w i th
V and J .  The r e la t i o n s h ip s  between Dd and the f lo w  parameters could be
descr ibed adequately w i th  l i n e a r  and lo g a r i t h m ic  reg ress ion  models. A
comparison of  the slopes of  the reg ress ion  models ind ica ted  th a t  Dd was
more s e n s i t i v e  to changes in  V and J when f lo w  was in  the same d i r e c t i o n
as water .  This  r e s u l t  can be a t t r i b u t e d  to  the a d d i t i v e  e f f e c t s  of  the
t ra n s p o r t  mechanisms when f low  of  the s o lu te  i s  in  the same d i r e c t i o n  as
wa te r .  Genera l ly ,  s l i g h t l y  lower va lues of  R2 and g re a te r  va lues  of  
P-x were found in  the case of  f low  aga ins t  water which in d ic a te s  t h a t  a 
g re a te r  s c a t t e r  occurred in  the exper imenta l  data  w i t h  t h i s  f low  regime.
Values of  Dd were s e n s i t i v e  to  the average s o i l  water  con ten t ,  Θo
G enera l ly ,  the s lopes of  the reg ress ion  curves increased w i t h  an increase 
i n  Θo which can be a t t r i b u t e d  to  an increase in  both d i f f u s i o n  and d i s p e rs io n .
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Comparison of  Methods o f  C a lc u la t i o n  
In  t h i s  study two methods were considered to  c a l c u la te  the magnitude 
o f  D d . The "Matano method" (equat ions [21a] and [21b] )  i s  a t r a n s ie n t  
s t a te  method whereas the "She id igge r  method" (equa t ion  [22 ] )  was developed 
from steady s ta te  equat ions .  Since the simultaneous t ra n s p o r t  of  water 
and so lu tes  in  s o i l  i s  a t r a n s ie n t  s ta te  process, pre ference was g iven 
t o  the Matano method to  c a l c u la te  va lues  of  Dd. A comparison o f  the Dd
va lues  ca lcu la ted  by the two methods i s  shown in  F igures 16 and 17.
The data  shown in  F igure  16 are w i t h  f low  of  3HOH i n  the same 
d i r e c t i o n  as water and in d i c a te  t h a t  the va lues o f  Dd c a lc u la ted  by
the two methods were s i m i l a r  to a Dd va lue  of  approx im ate ly  2.0 x 10-5
cm2 /s e c .  Above t h i s  Dd v a lue ,  the va lues  c a lc u la te d  by the Matano method 
were g e n e r a l l y  g r e a te r  than those c a lc u la ted  by the She id igger  method.
From the r e s u l t s  of  the reg ress ion  a n a ly s i s  t h i s  va lue  of  Dd corresponds 
t o  a s o i l  water  f l u x  o f  0.61 cm/day and a pore water  v e l o c i t y  o f  2.24 
cm/day. Assuming the d e v ia t i o n  between the two methods i s  due on ly  to 
changes in  f l u x  w i th  t ime,  we can conclude th a t  below J o f  0.61 cm/day 
and V o f  2.24 cm/day, steady s t a te  c o n d i t io n s  app ly  to  the t ra n s p o r t  
o f  3 HOH i n  the Capt ina s o i l .
The data  shown in  F igure  17 are  w i th  the f low  of  3HOH in  the oppos i te
d i r e c t i o n  of  water and in d ic a te  th a t  the va lues  c a lc u la ted  by the two
methods g e n e r a l l y  were not  s i m i l a r  a t  any Dd v a lue .  The va lues o f  D d 
c a lc u la te d  by the Matano method were g re a te r  than those c a lc u la te d  by 
the Sheid igger  method. The exp lana t ion  f o r  t h i s  d i f f e r e n c e  cannot be 
g iven  a t  t h i s  t ime.  However the r e l a t i o n s h i p  between the D d ca lcu la ted  
by the two method seems to  be d iv ided  i n t o  two phases. The f i r s t  phase 
i s  l i n e a r  w i th  a s lope of  approx im ate ly  0.80;  the second phase has a
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Figure  16 R e la t io nsh ip  between the va lues  of  Dd c a lcu la ted  by the 
Sheid igger and Matano methods f o r  the case of f low  w i th  
w a te r .
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Figure 17  R e la t io n s h ip  between the va lues  o f  Dd c a lc u la te d  by the 
Sheid igger and Matano methods f o r  the case o f  f low  
aga ins t  water .
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slope of  zero .  This  means th a t  the maximum Dd va lue  ca lcu la ted  by the
She id igger  method was 2.45 x 10-5 cm2 /sec and t h i s  corresponded to a 
va lue  of  3.9 x 10-5 cm2 /sec ca lcu la ted  by the Matano method.
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A ppend ix  Tab le  1. D i s p e r s i o n  c o e f f i c i e n t s  o f  3HOH and s e l e c t e d  s o i l  
w a t e r  f l o w  p a r a m e te r s  i n  C a p t i n a  s o i l .  The same d i r e c t i o n s  o f  move­
ment  o f  3HOH and w a t e r  were  used .
D x 10-5 Jw Öv V A 0
(cm2/ s e c ) (cm /day ) (cm3  /cm3) (cm /d ay ) (cm3/c m 3)
1.129





3 .3 3 3
2 .0 5 0
4 .6 1 3
4 .3 4 6
4.481
5 .909
4 . 1 4 6
7 .5 0 0
5 .1 7 8
7.221
1.5  79 




2 .6 4 6
3 .0 06  
3 .947  
4 .1 8 5  
3 .7 7 6  
5 .492  
4 .3 4 3  
4 .7 0 4  
2 .884  
2 .0 2 3
2 .174  
2 .6 0 8  
2 .5 6 6  
2.761  
2 .5 5 7  
3 .573  
2 .2 31  
3.471  
3 .0 2 0
2 .1 7 4  
2 .0 3 3  
4 .2 5 2
1.065 
0 .6 4 0  








2 .213  
2 .312  
2 .0 11  
2 .913  
3.237  
3.553  
0 .4 96  
0 .364  
0 .2 4 4  
0 .2 7 8  







2 .8 55  
2.191 
0 .618  
0 .0 7 6  










0 .8 7 8  
1.314






0 .3 3 0
0 .3 3 0
0 .2 99
0 .2 98
0 .2 7 7





0 .3 6 8
0.369
0 .3 5 6




0 .2 7 8
0 .2 8 8
0 .2 5 6
0 .2 5 6
0.259
0.259
0 .3 3 3
0 .3 3 3
0.319
0 .2 77
0 .2 7 7
0 .2 6 7
0 .2 67
0 .2 6 6





0 .2 7 8
2 .752  
1.644  





5 .1 10  




6 .726  
10.749 
12 .033  
13 .208
1.348  
0 .9 86  
0 .6 85  




8 .111  
6 .4 13  
7.449 










4 .0 2 6
5 .5 7 8
6 .527
7.390
0 .5 4 0
2.752
4 .7 27
0 .0 1 2  
0 .0 0 3  
0 .0 0 3  
0 .0 81  
0 .0 73  
0 .0 7 4  
0 .1 4 6  
0 .1 2 0  
0 .2 0 3  
0 .2 2 1  
0 .2 18  
0 .2 18  
0 .2 0 4  
0 .261  
0 .2 5 0  
0 .2 5 0  
0 .0 05  
0 .0 0 4  
0 . 0 3 8  
0 .0 4 0  
0 .1 1 7  
0 . 1 1 0  
0 .1 7 7  
0. 177 
0 .1 6 4  
0 .2 2 2  
0 .2 2 2  
0 .1 97  
0 .1 97  
0 . 0 0 4  
0 .0 0 4  
0 .0 0 4  
0.079  
0.079  
0 .0 5 0  
0 .0 5 0  
0.101  
0.101  
0 .190  
0 .190  
0 .0 0 4  
0 .0 0 4  
0.101
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A p p e n d ix  T a b le  1. c o n t
D x 105 Jw 0 v V A 0
(cm3/ s e c ) (cm /day ) c 3 /(cm3 /cm3 ) (cm /day ) (cm3/cm3 )
3 .4 5 4




1 .5 6 0
1 .2 99
2 . 1 5 0
1 .8 54
1 .335






0 . 9 5 3
1.879 
2 .1 76  
0 .2 4 7  
0 .3 3 5  
0 .0 3 7  
0 .1 7 8  
0 .4 5 5  
0 .6 3 8  
0 .5 21  
0 .4 7 0  
1.025  
0 .0 72  
0 .0 5 3  
0 .383  
0 .3 26  
0 .0 8 8  
0.061
0 .2 7 8  
0 .2 7 8  
0 .2 77  
0 .2 7 7  
0 .2 5 0  
0 .2 5 0  
0 .2 0 8  
0 .2 0 8  
0 .2 0 8  
0 .208  





0 .145  
0 .1 4 5




0 .1 48  
0 .7 1 0  
2. 187 
3.069 
2 .504  
2 .2 60  
5.541  
0 .3 77  
0 .2 77  
2.379 
2 .025  




0 .0 06  
0 .0 06  
0 .0 10  
0 .0 10  
0 .075  
0 .0 75  
0 .075  
0 .075  
0.059  
0 .012  
0 .012  
0 .0 26  
0 .0 26  
0 .003  
0 .0 03
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A p p e n d ix  T a b le  2 . D is p e rs io n  c o e f f i c ie n t s  o f  3HOH and s e le c te d  s o i l  
w a te r  f lo w  p a ra m e te rs  in  C a p tin a  s o i l .  The o p p o s ite  d i r e c t io n s  o f  
movements o f  3HOH and w a te r  w ere  u sed .
D x 105 Jw Ov V A 0
(cm2 /s e c ) ( c m /day ) ( c m 3cm 3) (cm /d ay ) (cm3/ c m 3)
0 . 8 4 0
1 .0 55
0 .9 0 0
1.185
1 .4 80  
3 .909  
2 .8 2 4  
4 .1 9 3  
3 .779  
2 .0 4 0  
5 .8 8 7  
3 .5 3 8  
2 .195
2 .4 8 0  
4 .3 5 6  
2 .772  
2 .937  
1 .400  
1.689 





0 .8 39  
1.383 
0 .889  
0 .6 5 4  
0 .9 5 7  
2 .4 21  
1.371 
1.034  
0 .5 3 8  
0 .839  
1.097  
1 .104  
0 .7 2 1  
2 .2 31  
0 . 6 7 8  
0 .5 9 0  
1 .524  
1.047
0 .6 0 5  
1.470  
0 .592  
0 .7 1 5  
1.554  
2.879  
2 .2 36  
2.589  
2 .463  
2 .2 85  
3 .1 04  
2 .1 22  
1.122  
2 .4 24  
2 .8 60  
2.882  
1.524  
0 .3 5 8  
0 .5 0 6  
0. 133 
0 .5 74  
0. 124 
0 .829  




0 .539  
0 .9 3 5  
1.798 
1.232  
0 .5 11  
0 .2 42  
0 .0 54  
0 .2 05  
0 .6 63  
0 .0 3 4  
0 .8 7 0  




0 .374  
0 .3 8 6  
0 .3 8 8  
0 .3 2 2  
0 .3 17  
0 .2 93  
0 .2 63  
0 .258  
0 .2 6 7  
0 .2 4 6  
0 .2 5 8  
0 .2 7 8  
0 .2 4 6  
0 .2 5 3  
0 .2 2 5  
0 .2 2 4  
0 .2 2 5  
0 .3 52  
0 . 3 5 8  
0 .365  
0 .3 31  
0 .3 3 8  
0 .3 2 2  
0.279  
0 .2 6 7  
0 .2 6 7  
0 .2 2 5  
0 .2 7 8  
0 .2 6 0  
0 .2 0 5  
0 .2 2 2  
0 .2 7 6  
0 .281  
0 .2 84  
0 .2 5 0  
0 .2 31  
0 .2 4 4  
0 .1 8 0  
0 .1 99  
0 .190  
0 .1 5 8  
0 .1 6 0
1.618
3 .8 0 8
1.525
2.221
4 .9 0 2
9.829
8 .5 0 0
10 .0 35
9 .2 2 4










0 .3 6 5
1 .7 32
0 .3 6 6
2 .5 75
3 .316
5 .0 4 3
5 .1 2 3
6 .119
1.937
3 .9 5 3
8 .7 6 0
5.561  
1 .855  
0 . 8 6 0  
0 .1 9 0  
0 . 8 2 0  
2 .8 7 6  
0 .1 3 8  
4 .8 4 3  
0 . 6 5 8
0
1.790
3 .3 0 0
0 .0 3 0  
0 .0 5 8  
0 .0 2 4  
0 .1 54  
0 .1 1 4  
0.161  
0 .2 5 8  
0 .2 5 3  
0 .2 6 8  
0 .294  
0 .2 53  
0.209  
0 .2 4 7  
0 .2 4 4  
0 .2 95  
0 .2 6 6  
0 .2 9 0  
0 .0 0 5  
0 . 0 1 0  
0.001 
0.081  
0 .0 52  
0 .0 8 8  
0 .1 4 4  
0 .1 62  
0 .1 4 3  
0 .1 82  
0 .1 52  
0 .1 7 5  
0 .2 2 3  
0.259  
0 .0 1 2  
0 .0 3 4  
0 .0 4 5  
0 . 0 6 7  
0 .0 6 4  
0 .0 2 8  
0 .1 6 7  
0 .0 0 4  
0 .0 2 3  
0 .0 3 8  
0 .0 6 5
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A p p e n d ix  T a b le  2.  c o n t
D x 105 J w 0v V 0
(cm2 / s e c ) ( c m /d a y ) (cm3 / cm3 ) (cm /d ay ) (cm3 /cm3 )
0 . 6 2 4 0 .4 6 3 0 .1 8 8 2.461 0 .095
0 . 8 5 3 0 .8 2 5 0 .146 5 .637 0 .1 13
1 .5 26 0 .4 63 0 .1 6 0 0 .5 02 0 .1 02
1.798 0 .2 1 2 0 .1 41 1.509 0 .001
1 .202 0 .2 3 0 0 .137 1.675 0 .0 0 6
1 .308 0 .0 6 0 0.139 0 .4 3 3 0 .009
0 . 9 1 3 0 .6 4 0 0 .2 11 0 .3 03 0 .0 58
1 .3 42 0 .2 0 6 0 .1 5 3 1.340 0 .0 5 8
1 .305 0 .484 0.151 3 .2 0 0 0 .0 65
0 .6 9 6 0 .0 4 0 0 .1 3 0 0 .309 0 .0 05
0 .6 3 1 0 .0 5 4 0 .128 0 .421 0 .0 0 4
0 .2 9 0 0.119 0 .141 0 .845 0 .007
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